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Metal-Free Photocatalysts for Hydrogen Evolution 
Mohammad Ziaur Rahman, *a Golam Kibria,b and Charles Buddie Mullins*a

This review focuses on the discussion of the latest progress and remaining challenges in selected metal-free photocatalysts 
for hydrogen production. The scope of this review is limited to the metal-free elemental photocatalysts (i.e. B, C, P, S, Si, Se 
etc.), binary photocatalysts (i.e. BC3, B4C, CxNy, h-BN etc.) and their heterojunction, ternary photocatalysts (i.e. BCN) and 
their heterojunction, and different types of organic photocatalysts (i.e. linear, covalent organic frameworks, microporous 
polymer, covalent triazine frameworks etc.) and their heterostructures. Following a succinct depiction of the latest progress 
in hydrogen evolution on these photocatalysts, discussion has been extended to the potential strategies that are deemed 
necessary to attain high quantum efficiency and high solar-to-hydrogen (STH) conversion efficiency. Issues with 
reproducibility and the disputes in reporting the hydrogen evolution rate have been also discussed with recommendations 
to overcome them. A few key factors are highlighted that may facilitate the scalability of the photocatalyst from microscale 
to macroscale production in meeting the targeted 10% STH.  This review is concluded with additional perspectives regarding 
future research in fundamental materials aspects of high efficiency photocatalysts followed by six open questions that may 
need to be resolved by forming a global hydrogen taskforce in order to translate bench-top research into large-scale 
production of hydrogen.

1. Introduction 
The transformation and ongoing progress of civilization 
depends on our ability to harness energy beyond human and 
animal power, and our ability to find, extract and use energy 
with ever increasing dexterity.  Among the available energy 
sources, fossil-fuels (i.e., oil, gas and coal) contribute to >85% of 
the world’s energy production.1 To meet the global average rate 
of consumption of 17.2 TW, a sustainable supply of 1066 barrels 
of oil, 108,000 cubic meters of natural gas and 250 tonnes of 
coal per second need to be produced.2 With the increasing 
world population growth rate (1.12 %/year) and 
industrialization, the world energy demand is expected to be 
tripled by 2050.3  Even if the current rate of global primary 
energy consumption (2.1 % p.a.) holds constant, it would lead 
to an ‘energy crisis’ situation because of faster depletion of 
limited fossil fuel reserves. 

Additionally, emissions of toxic effluents from burning fossil 
fuels create anthropogenic and environmental threats, for 
which all living creatures and plants are affected.4 According to 
the United Nations Framework Convention on Climate Change 
(UNFCCC), climate change represents an irreversible threat to 
human societies. Therefore, the Paris Agreement calls for the 
development of alternative net CO2 removal strategies beyond 

the typical options of bioenergy with carbon capture and 
storage (BECCS) and afforestation.

The response to this situation drives the research for 
renewable energy sources. It is agreed that a transition from 
non-renewable fossil fuels to renewable fuels is a must to 
minimize (or further prevent) the anthropogenic damages 
caused by burning fossil fuels, and to tackle the security of 
energy supply in a post-fossil fuels era. The production of 
hydrogen from H2O using solar energy is considered a viable 
option, provided that catalysts with the requisite activity, 
selectivity and durability are developed.5 Notably, hydrogen 
fuel burns cleanly without any CO2 or NOx release. It can also be 
stored, and used as, and when, required.

Two third of earth constitutes water, while the sun is an 
inexhaustible source of energy with an expected lifetime of 4 
billion years. The earth surface receives solar energy equivalent 
to 90 PW which is four orders of magnitude greater than the 
current rate of human energy consumption.2 Therefore, 
producing hydrogen from water using solar energy would 
seemingly provide a potential low-cost option to meet the 
current and future energy demands.  

From a consumer perspective, hydrogen is a gas much like 
natural gas that can be used to heat buildings and power 
vehicles. From an environmental perspective, hydrogen is 
unique among liquid and gaseous fuels in that it emits 
absolutely no CO2 emissions when burned. From an energy 
perspective, each kilogram of hydrogen contain about 2.4 times 
as much energy as natural gas, while it is equivalent to the 
energy that would be produced from burning 4L of petrol.6 At a 
global level, replacing fossil fuels with carbon-free hydrogen will 
significantly reduce greenhouse gas emissions, with estimated 
potential annual reductions of up to 6 billion tonnes of CO2 by 
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2050. Considering the benefits of hydrogen fuel, the hydrogen 
economy will be worth an estimated US$2.5 trillion by 2050. 7 
Using hydrogen in place of fossil fuels therefore offers a viable 
pathway to decarbonise our energy systems. 

Because water and sunlight are abundant and practically 
inexhaustible, photocatalytic hydrogen production via water-
splitting offers a truly viable alternative for green fuel 
production. The corner stone of photocatalytic hydrogen 
production is semiconductor photocatalysts that absorb solar 
photons and create electron–hole pairs for water redox 
reactions. Over four decades of research, some hundreds of 
photocatalyst materials have been catalogued that can be 
categorised into mainly two types – metal-based and metal-
free. Metal-based photocatalysts have been extensively 
researched since 1972.8 However, a new generation of metal-
free photocatalysts (MFP) is slowly but steadily emerging in 
parallel to widely accepted metal-based photocatalysts for 
water-splitting.

Metal-free photocatalysts are made out of earth abundant 
inexpensive materials, for example, carbon (C), nitrogen (N), 
oxygen (O), phosphorus (P), and sulphur (S). These elements are 
light weight and corrosive resistant. Therefore, appropriate 
combinations of these elements may result in a highly robust 
compounds with tuneable photophysical properties suitable for 
light harvesting and catalytic application. While scalable and 
stable performance is yet elusive with metal-based 
photocatalysts; metal-free photocatalysts (MFP), in this 
regards, hold true promise provided that they can overcome 
poor solar-to-hydrogen (STH) conversion efficiency. Among 
MFP, carbon nitrides have made significant progress,9-12 while 
other MFP (i.e. P, C, S, B, covalent organic frameworks etc.) are 
further behind.13-15 It is therefore very timely to assess the 
current progress and determine the outstanding challenges 
with various MFP’s to devise future design strategies for 
achieving benchmark efficiency. This review article, in this 
regard, is a collaborative endeavor with leading researchers in 
the field, all over the world, to fill this gap.

Photocatalytic water-splitting is a blend of both 
fundamental and applied research. Development of a catalyst 
material is a cascaded process of synthesis and characterization, 
optimization, and understanding of charge transport and 
electrodynamics. This knowledge can also compatibly be 
exploited to develop other materials for diverse applications. 
Similarly, the design of a reactor and evaluation of the evolved 
H2 and O2 is transferrable to other catalytic processes, for 
example, CO2 reduction, N2 reduction etc.16 Clearly, a review on 
metal-free photocatalysts will provide an important knowledge-
base to foster research on different materials development and 
understanding of the fundamental physicochemical processes 
for other applications, such as, solar cells, batteries, 
supercapacitors, sensors, and optoelectronic devices, etc.17-19

Photocatalytic water-splitting is a multidisciplinary research 
avenue that includes chemistry, chemical engineering, 
materials science, physics, nanoscience and nanotechnology. 
Therefore, an authoritative review would provide a wealth of 
knowledge for students, scientist, and engineers to learn about 

the current status of the field with an understanding of the 
issues to be resolved to create a path forward.

To the best of our knowledge, a review that has treated the 
large collection of metal-free photocatalysts has not yet been 
reported. Considering the pace of research progress, such a 
review is therefore very timely. We hope that a comparative 
study of the various metal-free photocatalysts will offer 
knowledge to judge, scrutinize and screen the best combination 
of metal-free photocatalysts for high solar-to-hydrogen 
conversion efficiency.

2. Basic Concepts in Photocatalysis and 
Photocatalysts

The general field of catalysis can be divided into thermal 
catalysis (usually simply known as catalysis, which is not the 
matter of interest in this review) and photocatalysis. According 
to the IUPAC (International Union of Pure and Applied 
Chemistry) photocatalysis is defined as “change in the rate of 
chemical reaction or its initiation under the action of ultraviolet, 
visible, or infrared radiation in the presence of a substance – the 
photocatalyst – that absorbs light and is involved in the 
chemical transformation of the reaction partners”. The reaction 
fulfilling this requirement is then called photocatalytic. 

    At the beginning of the twentieth century, scientists felt 
that irradiation could be a method for catalysing a reaction. 
Giacomo Ciamician is the first scientist who devoted a scientific 
effort (during 1900 – 1920) to understand the chemical effect 
of light.20 The terms photokatalyse and photocatalytisch 
appeared probably for the first time in the textbook 
Photochemie, published by Plotnikov.21 However, the 
development of photocatalysis as a discipline specifically began 
in 1970s. 22, 23 

Fig. 1 a) a thermal reaction (R→P) catalyzed by C via intermediate I′, b) a 
photochemical reaction where the chemical reaction starts from the excited 
state surface of the reagent R*, c) a photocatalyzed reaction where the 
catalyst C is active only in the excited state, but the chemical transformation 
of R occurs entirely on the ground state surface, and d) C acts as a 
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photocatalyst in the R→P reaction. Adopted with permission from.24 Royal 
Society of Chemistry (2009).

Catalytical transformation of a reagent (R) to product P via 
intermediates (I’, C’) has been depicted in Fig. 1a). In 
photocatalysis, the activation of R happens when the excited 
state (C*) of a photocatalyst transfers an electron, while in 
thermal catalysis, it happens through the physical step of 
energy transfer (see, Fig. 1 b, c)). In photocatalysis, 
electronically activated R produces an intermediate I (a radical 
or radical ion), which in principle can be formed also through a 
thermal process. C*, after transfer of the electrons, it becomes 
deactivated C′. The intermediate I gives the final product P 
(possibly through further intermediates I′) and regenerates C in 
the final state. The overall reaction results in the transformation 
of R into P by absorbed light in the presence of non-consumed 
C (see Fig. 1d). The entire chemical transformation R→P occurs 
on the lowest potential energy surface at any configuration 
where the chemical path in part occurs on an excited state 
surface (from R*, Fig. 1b). This is called photocatalysis since a 
new path on the ground state surface becomes accessible.24, 25 

Fig. 2 Gibbs-energy change in photocatalytic reactions. Adopted with 
permission from.26 Elsevier (2010). 

The change in Gibbs energy (∆G) is another significant 
criterion that differs between photocatalytic and ordinary 
thermal catalytic reactions. ∆G could be either negative and 
positive. A negative ∆G implies release of energy while a 
positive one means absorption/storing of energy. Ordinary 
catalyses are limited only to reactions of negative ∆G. This is 
because a thermal catalyst reduces the activation energy of the 
chemical reaction by changing the intermediate states and 
thereby accelerating the reaction which proceeds 
spontaneously with negative Gibbs energy change. However, 
both situations are possible in photocatalytic reactions.26 The 
reason for a reaction of positive ΔG which does not proceed 
spontaneously is that an overall redox reaction can proceed, 
even if its ΔG is positive. It is just required that the reduction 
and oxidation steps are spatially or chemically separated; 
otherwise reaction between reduction and oxidation products 

proceeds to give no net products. Under these conditions, both 
Gibbs energy change for reactions of e− with oxidant (ΔGe) and 
h+ with reductant (ΔGh) are required to be negative, i.e. 
reactions by e− and h+ proceed spontaneously after 
photoexcitation (Fig. 2). Thermodynamic requirements for 
photocatalytic reaction is (i) more cathodic and anodic levels of 
the conduction band (CB) bottom and valence band (VB) top of 
photocatalyst material compared with the standard electrode 
potential of an oxidant and a reductant, respectively, to make 
Gibbs energy change of both reactions negative, and (ii) 
separation of reduction and oxidation by e− and h+, respectively, 
for both types of reaction with positive and negative ΔG.26

3. Selection criteria for a hydrogen evolution 
photocatalyst 

The water-splitting process is an uphill reaction with a change 
in Gibbs energy of ΔG = 237 kJ/mol.27 Therefore, the minimum 
energy (i.e. E0 = -  ΔG/nF) required for an overall water-splitting 
is 1.23 eV, where E0 is the electrode potential; n is the number 
of electrons per mole product and F is the Faraday constant in 
C mol-1. 28 The proton reduction potential (H+/H2) is (0 - 0.59pH, 
V vs. NHE, normal hydrogen electrode), and the water oxidation 
potential (O2/H2O) is (1.23 - 0.59pH, V vs. NHE).29 Therefore, 
pure water-splitting (pH = 7) requires -0.41 V for hydrogen 
evolution and 0.82 V for oxygen evolution, respectively. It 
indicates that the semiconductor photocatalyst should have a 
minimum bandgap of 1.23 eV to accommodate the water-
splitting reactions considering standard conditions of zero over 
potential and zero reorganization energies for interfacial charge 
transfer reactions. However, in practice, an overpotential is 
unavoidable for hydrogen production. Therefore, a bandgap 
greater than 1.23 eV is always desirable. Along with the 
bandgap requirements, a material needs to have a CB minimum 
positions at a more negative potential than the reduction 
potential, and the VB maximum position at a more positive 
potential than the oxidation potential. 

4. Fundamental physicochemical processes in 
Photocatalytic hydrogen production 

Photocatalytic hydrogen production involves a series of 
photophysical and electrochemical processes (see Fig. 3). The 
photophysical process is comprised of photon absorption and 
charge carrier generation, and separation and transport of 
charge carrier to the reaction sites, while the electrochemical 
process includes redox reactions for water-splitting. 

Under irradiation of light, a photocatalyst absorbs photons 
of defined wavelengths based on its intrinsic bandgap. The 
photon with energy equivalent or greater than the bandgap 
energy of the photocatalyst would have sufficient driving force 
to lift an electron from the valence band (VB) to the conduction 
band (CB), leaving behind empty holes in the VB. Absorption of 
photons is accompanied by generation of excited holes and 
electrons. To maintain the equilibrium, excited electrons in the 
CB might fall back radiatively/nonradiatively to the VB, and then 
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recombine with holes. Recombination annihilates the free 
electron-hole pairs. This is an unavoidable photophysical 
process regardless of the type of semiconductor used as a 
photocatalyst.30, 31 Recombination is one of the critical factors 
responsible for low quantum efficiency of a photocatalyst.32, 33

The electrons and holes that survive recombination then 
need to be transported to the surface where HER and OER will 
be taken place. The transfer of photoexcited carriers to the 
surface active sites might occur either by diffusion or electric 
fields associated with the semiconductor/electrolyte and 
semiconductor/cocatalyst interfaces. 34

The generation of excitons occurs on a time scale below 100 
fs. The average lifetime of excitons typically limited to a few 
hundred picoseconds. Depending on the diffusion coefficient, 
the electron diffusion process will last, at most, a few 
picoseconds whilst the corresponding transition time for holes 
might be below 100–300 fs.35, 36 Electron and hole transport are 
sometimes limited by trap states associated with the 
semiconductors. Electron/hole diffusion coefficients decrease 
proportionally with the number of (deep) traps present in the 
catalyst particle and are created by the network morphology 
(porosity, secondary particle size) at interfaces of the porous 
material.37, 38 The time scale of trapping ranges from 
picoseconds to milliseconds or even a fraction of a second, and 
always competes with the charge recombination process. Hole 
trapping, relaxation and transfer to surface species processes all 
appear to be significantly faster and occur in the pico- and 
nanosecond region whilst electron trapping with shorter 
lifetimes than a few microseconds.35, 39-41 The above mentioned 
time scales are depicted in Fig. 4.

Fig. 3 Three key dynamics processes (photophysical, photochemical and 
electrochemical) involved in water-splitting. Following excitation across the 
bandgap: 1) electron/hole relaxation (tens to hundreds of fs); (2) trapping of 
electrons/holes into trap states due to defects or surface states within 
hundreds of fs to tens of ps; (3) radiative and nonradiative band edge 
electron-hole or exciton recombination within tens of ps; (4) radiative and 
nonradiative trapped electron-hole or relaxed exciton recombination within 
hundreds of ps to a few ns; and (5) nonlinear and nonradiative exciton-
exciton annihilation within hundreds of fs to tens of ps. Adopted with 
permission from. 33 Copyright 2019, American Chemical Society.

Fig. 4 Time scales of “elemental steps” occurring in a prototypical photocatalytic process. Adopted with permission from.39 American Chemical Society (2012). 
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5. Photocatalytic hydrogen production systems
Hydrogen can be produced through a half-reaction of water-
splitting (only the reduction reaction) or overall water-splitting 
(both reduction and oxidation reaction simultaneously). 

The half reaction of water-splitting can be realized using an 
appropriate sacrificial electron donor/hole scavenger, for 
example, triethanolamine, alcohol, etc. When the 
photocatalytic half reaction is carried out in an aqueous solution 
which contains a reducing agent, photogenerated holes in the 
photocatalyst material irreversibly oxidize the reducing agent 

instead of water. It thus enriches electrons in a photocatalyst if 
only the hydrogen evolution reaction (HER) is taking place. 
However, hydrogen production in the presence of sacrificial 
agents must not be confused to be the water-splitting process. 
Because water-splitting means to split water into H2 and O2 in a 
stoichiometric amount in the absence of sacrificial agents.

There are one-step (single-photon) and two-step (two-
photon) systems available for overall water-splitting under 
visible light irradiation8 as shown in Fig. 5. The two photon 
photocatalyst systems are also known as Z-scheme processes.42

Fig. 5 Schematic illustration of different photocatalytic water-splitting systems. Adopted with permission from,29 Nature Publishing Group (2017).

The system for one-step overall water-splitting employs 
only one semiconductor having appropriate band-edge 
positions compatible with the H+/H2 and O2/H2O potentials. In a 
two-step system, that is, a Z-scheme water splitting system, one 
hydrogen evolution photocatalyst (HEP) and one oxygen 

evolution photocatalyst (OEP) are employed to separately 
evolve H2 and O2. It is to be noted that it is not a hard and fast 
rule for HEP and OEP photocatalysts in a Z-scheme to be 
independently capable for overall water-splitting. Practically, 
semiconductors active in either HER or OER only may be 
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employed in this system.  Therefore, the Z-scheme provides a 
larger driving force in alleviating the thermodynamic 
requirements for water splitting. 

Contrary to a one step system, the photoexcited electrons 
and holes remain in the HEP and the OEP, respectively, in a Z-
scheme system. Additionally, holes in the HEP and electrons in 
the OEP are recombined via an aqueous redox mediator (Fig. 
5b) or a solid-state electron mediator (Fig. 5c) to complete the 
photocatalytic cycle in the Z-scheme system. Therefore, eight 
electrons are needed to complete the photocatalytic cycle in 
two-steps while four electrons could complete the 
photocatalytic cycle in a one-step system. Consequently, a one-
step photoexcitation process produces two times the quantity 
of H2 and O2 compared with that of a two-step photoexcitation 
system at AQY and light absorbance values of unity. 29

The Z-scheme system is prone to backward electron-
transfer that makes this process kinetically more challenging 
than the one-step system. In addition to preventing backward 
electron transfer, control over the interparticle charge transfer 
between the HEP and OEP is also a limiting key factor for 
efficient overall water-splitting via the Z-scheme.

6. Trends in photocatalytic water-splitting 
research

In their seminal note published in Nature (1972), Fujishima and 
Honda demonstrated that water could be photolyzed 
electrochemically at an illuminated TiO2 and dark Pt electrode 
combination to yield H2 and O2. 23 In the late 1970s, a strong 
push in that direction was led by Bard and his colleagues 43. They 
described some of the principles and applications of 
semiconductor electrodes in photoelectrochemical (PEC) cell 
and the possible uses of heterogeneous photocatalysts in 
designing PEC cells. Since 1980, a great research effort has been 
undertaken regarding the pursuit of developing highly efficient, 
rugged and cost effective heterogeneous photocatalysts.44 

Wide bandgap metal oxides consisting of d0 (empty d 
orbitals) cations (i.e. Ti4+, Zr4+, Ce4+, Nb5+ , Ta5+ and W6+ ) or d10 
(filled d orbitals) cations (i.e. Zn2+,Ga3+, In3+, Ge4+,Sn4+,Sb5+ , 
Mo6+etc.) are considered as the effective photocatalyst for 
ultraviolet (UV)  light in the solar spectrum.5, 8 Among all, 
because of its appropriate energy levels to initiate the water 
splitting reaction, TiO2 is the most reported active photocatalyst 
under UV light.40 Nitrides consisting of d10 metal cations are also 
active water splitting photocatalysts under UV irradiation. For 
example, Ge3N4 and co-catalyst doped GaN are well known non-
oxide powder photocatalysts. 45-47

Since UV light accounts for only ~4% of the entire solar 
energy spectrum, 48 wide bandgap (Eg > 3 eV) photocatalysts 
can’t be effectively used for efficient solar energy harvesting 
and conversion. The bandgap engineering via metal /non-metal 
ion doping and visible light sensitizers are being used to 
enhance photon absorption of wide bandgap photocatalyst.49-

55 However, the elements used for narrowing the bandgap 
suppress the redox potentials of photogenerated charge 
carriers and also serve as recombination centers for electrons 

and holes. 51, 53 The most efficient sensitizers used to date are 
noble metals (Au, Ag, Pt, Rh etc.). The metal nanoparticles are 
also widely used as cocatalysts, and Ag and Au have attracted 
increasing attention in plasmonic photocatalysts.56, 57  However, 
they are expensive and thus won’t lead to large scale 
application in the future. The use of organic dyes as sensitizers 
suffers from their instability and they readily decompose under 
longer time irradiation. Narrow band gap semiconductor 
sensitizers have inherently led to the photocorrosion of the 
photocatalyst and for this reason, the photocatalyst eventually 
becomes completely ineffective. 58 Hence, the development of 
a visible-light active photocatalyst that splits water efficiently is 
indispensable.

There are two types of oxide photocatalyst that could work 
under visible light irradiation, such as, (i) photocatalysts for H2 
or O2 evolution from an aqueous solution in the presence of 
sacrificial agents and (ii) photocatalysts for overall water 
splitting. For example, WO3 is a stable photocatalyst for O2 
evolution under visible light in the presence of a suitable 
electron acceptor. 59, 60 InTaO4 and YBiWO6 have been reported 
for overall water splitting as single photocatalyst under visible 
light. 61-63 Photocatalysts that work only for half reactions of 
water splitting (only H2 or O2 evolution) can be used to construct 
Z-scheme systems.

Oxide photocatalysts have already been established as 
efficient under UV light, as discussed above. Empty d orbitals of 
transition metals or s, p orbitals of typical metals construct the 
conduction band (CB) of metal oxide photocatalyst. 64 The CB 
lies above the water reduction potential of water (0 V vs. NHE 
at pH0). The potential of the valence band (VB) which consists 
of O 2p orbitals (ca. +3 V) is more positive than the water 
oxidation potential (1.23 V). 64 This makes the band gap too 
large to harvest visible light but suggests metal oxide 
photocatalysts have sufficient potential to oxidize water under 
visible light if appropriate band structuring is done. The 
approaches adapted so far for a wide band gap metal oxide to 
make it sensitive to visible light are (i) doping transition metals 
having a dn (0 < n < 10) electronic configuration, (ii) valence band 
control using an anion’s p orbitals or the orbitals of p-block 
metals ions and (iii) spectral sensitization. 5, 8 

When a wide band gap metal oxide is doped with a 
transition metal cation or anion, a donor or acceptor level is 
formed in the forbidden gap as a center for visible light 
absorption.  But the doping has some adverse effects. It is to be 
noted that the dopant introduces a discrete energy level rather 
than an energy band in the host material which hinders the 
rapid migration of photogenerated carriers. Maintaining charge 
balance also becomes critical because dopants sometimes act 
as recombination centers. 65, 66 Therefore, the formation of the 
valence band by orbitals not associated with O 2p but with other 
element is very important for oxide photocatalysts to be able to 
work under visible light. 67-71 The application of a visible light 
sensitizer in wide band gap oxide semiconductor photocatalysts 
has been also studied to inject electrons into the conduction 
band of the oxide photocatalyst to evolve H2. The organic dyes 
or narrow band gap semiconductors are usually exploited as 
sensitizers. The sensitizers must have a more negative excited 
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state potential than the conduction band of the metal oxide 
photocatalyst for efficient charge injection. 72, 73 Another 
inclusion is supported oxide nanosystems (e.g. Ag/ZnO 
nanocomposites,74  Si/Co3O4 nanopyramid75, 76, CuO/ZnO 
nanrod arrays77 etc.) for photoactivated H2 production.78, 79

Metal sulphides are also attractive visible light driven 
photocatalyst. Many metal sulphide photocatalysts have been 
reported.80-88 The VB of sulfide photocatalysts is formed by the 
S 3p orbitals which are more negative than O2p orbitals. For 
example, CdS is a very well-known narrow band gap (2.4 eV) 
visible light photocatalyst. It possesses the appropriate band 
levels for water reduction and oxidation in the presence of 
sacrificial agents.89 ZnS (3.6 eV) doped with various metal 
cations shows excellent photocatalytic H2 evolution 
performance from aqueous solutions containing S2- and/or SO3

2- 
as electron donors under visible light. 90, 91 Solid solutions of 
CdS-ZnS, AgInS2-ZnS, CuInS2-ZnS, CuInS2-AgInS2-ZnS and 
AgGa0.9In0.1S2 are also active for H2 evolution under visible light. 
81, 86-88, 90, 92

Although sulfide photocatalysts have very suitable band 
levels for water splitting under visible light irradiation, they 
become unstable and deactivated due to photocorrosion or 
self-oxidation rather than evolving O2. 93-95

Non-oxide compounds such as (oxy)nitrides and oxysulfides 
having d0 and d10 electronic configurations have been reported 
in 96-106 as a new type of visible light driven photocatalyst for 
overall water splitting. The band gap narrowing of these 
materials results from the valence band formation by N 2p and 
S 3p orbitals in addition to O 2p orbitals. The absorption band 
of these materials is in the range 500 – 750 nm which 
corresponds to 1.7 – 2.5 eV for a band gap energy.5, 8 
(Oxy)nitrides and oxysulfides differs from materials doped with 
nitrogen or sulphur. These non-oxide materials are regarded as 
a valence band-controlled photocatalyst as the constituent 
anion component forms a valence band rather than a discrete 
impurity level. However, they are not stable in strong acids, for 
example, in aqua regia and hot concentrated H2SO4. 51, 102 In 
most cases, (oxy)nitrides are partially decomposed by the 
photogenerated holes instead of undergoing water oxidation at 
the initial stages of photocatalytic reaction accompanied with 
low level N2 evolution. However, the N2 production gets 
completely suppressed as the reaction progress. Although 
(oxy)nitrides have stable water reduction and oxidation 
reactions, the necessary performance for overall water splitting 
has yet to be achieved due to low level H2 evolution. Moreover, 
some of the (oxy)nitrides consisting of d0 metal cations, such as, 
Ti4+, Nb5+ and Ta5+  are not active for H2 or O2 evolution in the 
absence of sacrificial agents. 101, 102, 107, 108

Wang et al., in their seminal works reported graphitic 
carbon nitride (g-C3N4) for the first time as a visible light active 
metal free photocatalyst for the purposes of water splitting in 
2009. 109  The graphitic carbon nitride is a medium band gap (2.7 
eV) semiconductor with good physiochemical stability and 
adjustable band structure. This organic semiconductor can be 
prepared via a one-step polymerization of cheap feed stocks like 
cyanamide, urea, thiourea, melamine and dicyandiamide.11 The 

graphitic planes are constructed from tri-s-triazine units 
connected by planar amino groups. 

The visible light response of g-C3N4 originates from the 
electron transitions from the valence band populated by N2p 
orbitals to the conduction band formed by C2p orbitals. 
Copolymerization of, for example, dicyandiamide with 
barbituric acid also extend the absorption band up to 750 nm. 
110 The as prepared g-C3N4 exhibited photocatalytic H2 evolution 
from water at wavelength > 420 nm, even without using a 
cocatalyst.

Besides compound photocatalysts, some elemental 
semiconductors (i.e., Si, P, S and Se) have also shown their 
potential as a new class of visible light active photocatalysts. 14 
Among them crystalline Si (1.12 eV) has been studied 
extensively. But Si hasn’t become a material of interest due to 
its instability in aqueous solution and unsuitable band edges for 
redox reactions. 111 Wang et al. 112 first demonstrated the 
photocatalytic behavior of red P. They revealed that crystalline 
monoclinic red P could produce H2 from water.  Amorphous P 
has a wide photon absorption range compared with crystalline 
P, but it has small surface area and large number of electron-
hole trapping sites. However, the photocatalytic performance 
of P is somewhat low. Among more than 30 allotropes of 
elemental sulfur, recent investigations have shown α-sulfur 
(2.79 eV) as a promising visible light active photocatalyst. 113 But 
it has poor hydrophilicity which weakens its phocatalytic 
activity. Modifying the sulfur crystal structure could possibly 
solve this problem.  Se has amorphous and crystalline forms. 
The ability of amorphous Se (1.99 eV) as a photocatalyst has 
also been demonstrated. 114  One of the drawbacks of 
amorphous Se is its instability with annealing temperature. As 
annealing temperature increases, amorphous Se begins to be 
converted to crystalline Se. 

The elemental photocatalysts are still in the infancy stage 
and there are huge issues in developing them. If special 
strategies could develop, more exciting properties of elemental 
semiconductors might be explored. For example, forming 
heterojunctions of elemental photocatalysts or constructing 
heterostructures with their respective sulfides, phosphides and 
selenides may results in some unusual photocatalytic activities. 
Exploring special co-catalysts that might fit well with elemental 
photocatalysts may be another way to improve their 
performance. 

The recent addition to metal-free photocatalysts are the 
organic materials having C-C/C-H bonds in their π-conjugated 
organic frame works.115-118 The timeline of key developments in 
photocatalysts research is shown in Fig. 6.
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Fig. 6 Timeline of key developments in photocatalytic water-splitting. 

7.  Metal-free elemental photocatalysts for 
hydrogen production.

In the past, much research has been directed to the 
development of compounds semiconductors as photocatalysts. 
Elemental S, P, B, Se, C, and Si are narrow to medium bandgap 
semiconductors. Therefore, they have the potential to be 
applied to photocatalytic water-splitting. Among them, only 
carbon dots, P, and S have been used to date as a hydrogen 
evolution photocatalyst. Elemental semiconductors therefore 
represent a new class of photocatalysts for solar energy 
conversion.

7.1 Boron (B)
Boron has 17 polymorphs with each having B12 icosahedral 
clusters as a common basic building block. Among these 
polymorphs, only four main polymorphs (i.e., α-tetragonal, α-
rhombohedral, β-tetragonal, and β-rhombohedral boron) form 
under ambient conditions, while β-rhombohedral boron is the 
most thermodynamically stable form. β-rhombohedral boron 
has a bandgap of 1.5–1.6 eV, sufficient for visible light active 
photocatalysis. Indeed, it is photocatalytically active in 
generating .OH radicals under irradiation with visible light.119 
This result encourages the exploration of the effectiveness of 

elemental boron for photocatalytic water-splitting. However, 
there are no such reports to date, to the best of our knowledge.

7.2 Carbon (C)
Because of the lack of a sufficient bandgap, elemental carbon 
and its derivatives (e.g., graphene) are not suitable for use as a 
standalone photocatalyst but instead as a cocatalyst or as a 
photosensitizer to a photocatalyst.120 Research has been made 
to widen the bandgap of carbon materials through 
morphological tuning and heteroatom doping. For example, 
carbon dots were shown to produce hydrogen at a rate of 423.7 
µmol h-1 g-1 and 3615.3 µmol h-1 g-1 from pure water and from 
20 vol. % aqueous methanol solution, respectively, under UV-
light irradiation without a co-catalyst. 121 Recently, Reisner et al. 
reported N-doped carbon dots as a visible light active hydrogen 
evolution photocatalyst.122 It has been shown that nitrogen 
doping could increase the hole scavenging by electron donors, 
extending the lifetime of electrons, resulting in high charge 
extraction creating efficient photocatalysis.

There is a long list of graphene based photocatalysts in 
which graphene was used as a dopant or as one of the 
heterostructure components. 123 However, expectedly, pristine 
graphene is not suitable for water-splitting. With doping 
heteroatoms (e.g. N, P etc.), gapless metallic graphene can be 
turned into a semiconductor.124, 125 For example, Garcia et al.124  
reported P-doped graphene with a bandgap of 2.85 eV, and 
demonstrated visible light hydrogen evolution with a rate of 
282 µmol g−1 h−1 in the presence of a triethanolamine sacrificial 
electron donor and Pt co-catalysts under visible light irradiation. 
Interestingly, P-doped graphene was shown to exhibit about 
one order of magnitude greater photocatalytic activities than 
that of graphene oxide (GO). N-doped graphene was also shown 
to be an active photocatalyst under UV- (355 nm) and visible-
light (532 nm) irradiation.125 

Graphene derivatives are now routinely combined with 
other semiconductor photocatalysts (mostly metal-based) for 
hydrogen evolution.126 

7.3 Phosphorous (P)
Out of three allotropes (white, red, and black), red and black 
phosphorous were reported as hydrogen evolution 
photocatalysts.127, 28 Elemental red-P has poor photocatalytic 
performance having an AQE of less than 1%. Recently, black 
phosphorous (BP) has gained significant interest.  BP is a layered 
material where layers are held together by weak van der Waals 
interlayer interactions. 128, 129 It is therefore convenient to 
exfoliate BP nanosheets of few layers to a monolayer, known as 
phosphorene.128, 130  Rahman et al. reviewed the fundamental 
properties of phosphorene and predicted its suitability as a 
water-splitting photocatalyst in 2016.28 

In 2017, few layer BP was reported as a hydrogen evolution 
photocatalyst for the first time.131 The BP nanosheets showed 
~18 times greater photocatalytic performance than that of bulk 
BP. Yet the AQE (< 0.5%) of the hydrogen evolution was poor. 
Hu et al.132 proposed a mechanism to improve the 
photocatalytic efficiency of phosphorene nanoribbons (PNRs). 
DFT calculations showed that pseudohalogen (CN and OCN) 
passivated PNRs would have the desired VBM and CBM band 
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edges for both water oxidation and hydrogen reduction 
reactions. A maximum of 20% energy conversion efficiency was 
predicted for photocatalytic water splitting.

Recently, Tian et al. reported few-layer BP nanosheets with 
a hydrogen production rate of ~0.36 µmol h-1 and ~11.1 µmol 
h-1 without and with Pt (20 wt. %), respectively, at 420 nm.133 

Clearly, a high rate of hydrogen evolution depends on the high 
loading of Pt. However, it is recommended to avoid the use of 
Pt for low-cost hydrogen production. Pt, in this representative 
case, appeared unavoidable to ensure the efficient charge 
transfer for catalytic reactions. It indicated that BP is somewhat 
inactive without Pt.

Fig. 7 a)  Hypothetical schematic presentation of energy level of conduction band (ECB) and valence band (EVB) with respect to Fermi energy level (EF), showing 
BP-nanosheets have sufficient electronic potential to drive HER, b) Rate of hydrogen production DI water and water-triethanolamine solution, respectively 
under visible light (420 nm) irradiation, c) Cyclic hydrogen production under visible light (420 nm) irradiation for probing photocatalytic stability, d) Wavelength 
dependent hydrogen production, and e) Understanding the probabilistic distribution of charge carriers through FDTD simulations. Adopted with permission 
from. 134 Royal Society of Chemistry (2018).

To overcome the problems with poor stability, poor AQE, 
and over dependence on noble metal cocatalysts, Rahman et al. 
reported few layer BP with a record high AQE of ~ 4 % at 420 
nm, Fig. 7.134 This unprecedented improvement in AQE was 
reported to stem from a low level of material oxidation that 
impedes the degradation of BP under ambient conditions, 
strong absorption of photons at the surface, and a conduction 
band edge position that favourably facilitates the proton 
reduction reaction. These BP-nanosheets also exhibited a 
superior performance to g-C3N4, carbon dots, and red-P under 
identical experimental conditions.

The elemental red-P and BP are now routinely been used to 
construct heterostructure photocatalysts for hydrogen 
evolution.135 

7.4 Sulfur (S)
Sulfur (S) is the 16th most abundant element in the earth crust. 
136 Sulfur has been known since ancient time, which was 
referred to in Genesis as brimstone (i.e., a stone that burns). 
The word ‘Sulfur’ was derived from sulvere (Sanskrit) and 
sulphur (Latin), respectively. Unlike many sulfur-containing 
compounds (e.g. mercaptans, thioethers, and disulfides that 
possess remarkably foul odours), elemental S is odourless, 
tasteless, and nontoxic. A commercial process for recovery of S 
from coal, ores, and minerals was developed by Herman Frasch 

in the 1890s.137 Among more than 30 allotropes of elemental S, 
orthorhombic S8 (α-S) is the most stable configuration at 
standard temperature and pressure (STP).138 

The amber-colored α-S powder (Fig. 8 inset) is an intrinsic 
semiconductor with a bandgap that varies between 2.4 to 2.8 
eV.139, 140 Clearly, α-S is able to absorb visible light. The UV–vis 
absorption spectrum of α-S is shown in Fig. 8. Therefore, α-S is 
suitable for use as a photocatalyst. However, elemental S as a 
standalone photocatalyst has seldom been studied, while it was 
extensively used in the synthesis of sulfide photocatalysts or as 
a dopant in both metal and metal-free photocatalysts.

Fig. 8 (left) Schematic illustration of the unit cell of an α-S crystal constructed 
from S8 molecules. (right) UV–vis absorption spectrum of α-S crystal powder. 
The inset is a photograph of the α-S crystal powder. Adopted with permission 
from. 140 American Chemical Society (2012).
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7.5 Selenium (Se)
Selenium (1.99 eV) has also been applied to photocatalytic .OH 
radical formation,114 but yet to be applied for water-splitting 
applications, to the best of our knowledge.

7.6 Silicon (Si)
Si has an indirect bandgap of around 1.1 eV. This bandgap is 
lower than the minimum potential required for water splitting 
(i.e. 1.23 eV). Additionally, the CBM lies below the proton 
reduction potential- inferring that Si is not suitable for hydrogen 
evolution reaction. This disadvantage can be overcome by 
applying a bias. Therefore, Si is widely used as a photoelectrode 
in photoelectrochemical water-splitting, while its application as 
a particulate photocatalyst is rather limited.27

Moreover, Bare Si, when submerged into an aqueous 
solution, becomes affected by the pH of solutions, forms a 
passive oxide layer and corrodes subsequently. The instability 
of Si in aqueous solution is therefore a great challenge to 
overcome prior to its sustainable application in water-splitting. 
Taking quantum size effects into account, nanoscaling would be 
a recommended strategy to tune the band edges to be 
compatible to redox levels.141 However, nanoscalling also 
adversely influences the instability of Si in an aqueous solution. 
For instance, it was demonstrated that H-terminated Si 
nanowires would have a higher oxidation rate with increasing 
pH of the solution.111

8. Metal-free binary photocatalysts for 
hydrogen production.

8.1 BC3

Bulk BC3 is metallic crystal with graphite-like structure, Fig. 9 a. 
It was first synthesized through the interaction of boron 
trichloride with benzene at 800 °C: 2BCl3 + C6H6 → 2BC3 + 
6HCl.142 Later on, BC3 was epitaxially grown on the NbB2(001) 
surface through a carbon-substituted technique in a boron 
honeycomb matrix.143, 144 BC3 is a layered material of stacked 
sheets where the sheets are 3–4 Å apart.143  Like graphene, the 
nanosheets may also be peeled from stacked layers of BC3 

through physical/chemical exfoliation, or single/multilayers 
sheets may be grown by using chemical vapor deposition or 
epitaxial growth methods on a suitable substrate. 

Theoretical calculations suggested a bandgap of 1.83 eV for 
the BC3 monolayer (Fig. 9 b) that is well-above the overall redox 
potential (1.23 eV) to be used as a water-splitting photocatalyst. 
145 The calculated chemical potentials of conduction-band 
electrons and valence-band holes of the BC3 monolayer are 
+0.15 and +1.98 V (vs ENHE), respectively (Fig. 9 c). If the holes in 
the valence-band would have a chemical potential of +1.0 to 
+3.5 V (vs ENHE), it would be considered as a good oxidant. 
Similarly, if the electrons in the conduction-band would have a 
chemical potential between +0.5 to −1.5 V (vs ENHE), it would be 
considered as a good reductant. To be noted, the redox 
potential of a normal hydrogen electrode (NHE) is ENHE = −4.5 V 
with respect to the absolute vacuum scale EAVS = 0 V. 

Clearly, the BC3 monolayer is promising for the oxygen 
evolution reaction when compared to the reference potential 

for water-oxidation, i.e. H2O/O2 = 1.23 vs ENHE at pH of 0. 
However, the calculated reduction potential (+0.15 vs ENHE at pH 
= 0) of BC3 monolayer falls below the reference potential for 
water reduction (H+/H2) = 0 vs ENHE at pH = 0) - meaning that it 
might not be suitable for the hydrogen evolution reaction. 
Given the uncertainty and underestimation of theoretical 
bandgap and band position calculations using DFT, it suggests 
more research in the synthesis of nanosheets of BC3 
experimentally and determination of the experimental band 
positions. 

Fig. 9 a) BC3 equilibrium structures, b) Band structures computed by HSE06 
functionals. The green dashed line in the band structure represents the Fermi 
level at 0 eV, and c) Band edge positions of BC3 monolayer, TiO2, g-C3N4, and 
holey C2N crystals. The redox potentials of H+/H2 = 0 vs ENHE) and H2O/O2 = 
1.23 vs ENHE) at pH = 0 are also given as a reference. Adopted with permission 
from.145 American Chemical Society (2018).

8.2 B4C
Boron carbides consist of a α-rhombohedral structure (space 
group R m) that are composed of slightly distorted B12 or B11C 
icosahedra at each vertex, and are connected by linear 
three-atom chains on the main cell diagonal in the 
crystallographic c-direction.146 Disordered combinations of the 
12-atom icosahedra and three-atom chains (C-B-C, 
B-Vacancy-B, C-B-B) therefore offer the possibilities to 
construct elementary cells with different stoichiometric 
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compositions. Its homogeneity range extends from B4.3C at the 
carbon-rich limit to B~11C at the boron-rich limit.146, 147 Like other 
common crystalline solids, there is no unit cell representation 
of the whole structure of boron carbide. Rather, the structure is 
characterized by elementary cells. 

Boron carbide is often incorrectly denoted as B4C. As has 
already been proven by numerous studies, the compound B4C 
does not exist.148 The actual chemical composition consists of 
the compound B4.3C and precipitated graphitic free carbon. 
Regardless of synthesis and compositions, boron carbides 
contain a small amount of free graphitic carbon.

The electronic structure of boron carbide is evolved from a 
completely filled valence band and high density gap states that 
are partly filled by electrons generated by B substituted C 
atoms. The Fermi level is pinned at the valence states that result 
in p-type semiconducting behavior.149, 150 Boron carbides 
display dark coloration and high absorption from 310–800 nm 
by UV/Vis diffused reflectance spectra. The intrinsic bandgap of 
boron carbides was reported to be ~2.0 eV.151, 152  It implies that 
boron carbides might be employed as a photocatalyst for water 
splitting under visible light irradiation. Recent 
photoluminescence studies revealed the existence of a stronger 
excitonic level at 1.56 eV and a weaker one near 1.57 eV.151

B4.3C and B13C2 were shown to evolve hydrogen at a rate of 
2.9 μmol h−1/0.2 g and ca. 0.9 μmol h−1/0.2 g, respectively, from 
a 25 % methanol aqueous solution at 420 nm. With 2 wt % Pt, 
the H2 evolution rates of B4.3C and B13C2 were 6.2 μmol h−1/0.2 
g and1.6 μmol h−1/0.2 g, respectively. B4.3C and B13C2 exhibited 
stable H2 evolution rates for a long 100 h. Despite the fact that 
boron carbides contain a small amount of free graphitic carbon, 
the graphitic carbon was reported to be not active in 
photocatalytic water splitting.152

8.3 B6O
Boron suboxide (B6O), a member of α-rhombohedral boron-rich 
compounds, consists of eight B12 icosahedral units situated at 
the vertexes of a rhombohedral unit cell, whereas two oxygen 
atoms are located in the interstices along the (111) 
rhombohedral direction (see Fig. 10 a, b). Hubert et al. 
synthesized  orange–red color icosahedra B6O particles via a 
Mackay packing at high temperatures (1700–1800 °C) and 
pressures (4–5.5 GPa).153 The icosahedra B6O has a bandgap of 
2.0 eV that is sufficient to be used as visible-light active 
photocatalyst. 

In contrast to the high temperature (>1300 °C) and pressure 
(>1 GPa) synthesis of icosahedra B6O particles,  Luo et al. 
developed a synthesis method to obtain crystalline B6O at 
ambient pressure and a low temperature of 90 °C, and 
demonstrated the activities of photocatalytic hydrogen 
evolution with B6O. 154 They have studied two types of B6O (e.g. 
R-B6O and L-B6O) and compared with elemental B for H2 
evolution from water under visible light irradiation. The H2 
evolution rates of R-B6O, L-B6O, and crystalline B are about 5.48, 
1.34, and 2.48 μmol g−1 h−1, respectively, at >400 nm in the 
absence of any metal cocatalysts. The absorption spectra and 
time dependent H2 evolution of R-B6O, L-B6O, and crystalline B 
are shown in Fig. 10 c, d.

Fig. 10 a) A part of the B6O structure showing c.c.p. packing (slightly distorted) 
of B12 icosahedra with O atoms (filled circles) in the close-packed layers, b) A 
fragment of the β-rhombohedral boron structure. The central B12 unit is 
surrounded by 12 other B12 icosahedra whose centres are at the vertices of 
an icosahedron. Adopted with permission from.153 Copyright 1998, Nature 
Publishing Group. c) UV-Vis spectra and d) Time course for H2 evolution by 
crystalline B (black ), L-B6O (blue ), and R-B6O (red ) at > 400 nm. Adopted with 
permission from. 154 Wiley-VCH (2019).

8.4 Boron phosphide (BP)
Boron phosphide (BP) is a III–V compound made up of 
covalently bonded boron and phosphorus, and has a cubic zinc-
blende structure. The crystal structure of BP was first 
investigated in 1957.155 Among the notable properties, BP is 
chemically highly stable and is resistant to chemical corrosion 
even in contact with concentrated mineral acids or aqueous 
alkali solution. BP is also thermally very stable as is evident from 
its resistance to oxidation and decomposition in air up to 800–
1000 °C.156 

Fig. 11 Electronic properties and photocatalytic activities of BP. a) unit cell 
structure, b) Density of states (DOS), c) bandgap calculations, d) time course 
of hydrogen evolution and e) wavelength dependent hydrogen evolution at 
420 nm. Adopted with permission from.157 Elsevier (2016).

BP has an indirect band gap of 2.0 eV. 156  BP can be either p 
or n-type. Excess B will produce p-type, while excess P will 
produce n-type BP.158 The n-type BP usually shows higher 
charge mobility and lower resistivity than p-type. Endowed with 
excellent chemical, thermal, mechanical and electronic 
properties, BP is a material of choice for electronic devices to 
work in extreme conditions at high temperature and intense 
radiation. 158 Despite its widespread use in electronic devices, 
BP has rarely been used in photocatalytic applications. It might 
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due to the difficulties in materials development. Synthesis of BP 
requires a high-pressure flux that is difficult to be realized in 
many laboratories. 159

Lee et al. reported a p-type BP photoelectrode for 
photoelectrochemical splitting of water under visible light. 159  
Ye et al. reported n-type BP as a photocatalyst for H2 evolution 
under visible light, even without loading a precious metal 
cocatalyst. The H2 evolution activity of bare BP was 2.0 μmol h−1 
without a Pt cocatalyst, and 6.9 μmol h−1 with a Pt cocatalyst, 
see Fig. 11.157

8.5 h-BN 
Pristine h-BN has a bandgap > 5 eV that is not suitable for being 
used as a photocatalyst. Therefore, its bandgap and band 
positions need to be adjusted to be compatible with redox 
potentials. Recently, S doped h-BN nanosheets (3.907 eV) were 
reported to be active in visible light photocatalytic hydrogen 
production in the presence of sacrificial electron donors and a 
Pt cocatalyst.160 However, at least two questions remained 
unanswered. Firstly, scaling down from bulk to nanosheets 
incurs a blue-shift in optical absorption- meaning that the 
nanosheets would have a larger bandgap than the bulk. 
Secondly, how could visible light absorption happen when the 
reported bandgap of 3.907 eV is not suitable for absorption of 
photons from visible light? Indeed, it should not be able to 
absorb photons beyond ~320 nm. In our opinion, visible light 
absorption might stem from S that has bandgap < 3.0eV,139 and 
S is itself an elemental photocatalyst.140 It therefore demands 
more controlled measurements to conclude the actual interplay 
of S doping (or other heteroatoms) in the photocatalytic 
behavior of h-BN.

8.6 Carbon nitride (CxNy)
The history of the synthesis of the early genre of carbon nitride 
dates back to Liebig’s melon in 1834.161 Several research groups 
have contributed in the development and understanding of the 
fundamental properties of carbon nitride over the years.11, 162-

165 However, the first breakthrough in using carbon nitride as a 
water-splitting photocatalyst happened in 2009 with the 
collaborative research efforts of the Domen and Antonietti 
groups when they reported graphitic carbon nitride (g-C3N4) as 
a photocatalyst.109 In the midst of metal-based photocatalysts, 
g-C3N4 began a new era of metal-free photocatalysts. As might 
be expected, it drew unprecedented interest among 
researchers as evident by the hundreds of peer-reviewed 
publications in the subsequent years.9, 10 Facile synthesis from 
earth abundant and inexpensive raw materials, suitable 
bandgaps (~ 2.7 eV), exceptional stability, and non-toxicity 
cumulatively sparked the interest in g-C3N4.

However, pristine g-C3N4 exhibits very poor photocatalytic 
performance regarding hydrogen evolution with an AQE < 1% 
under visible light irradiation.109 Research has been directed to 
improve the photocatalytic performance of this exotic metal-
free photocatalyst. For example, incomplete polycondensation 
of the precursor and structural destruction g-C3N4 nanosheets 
were serious problems. Rahman et al. developed a combined 
three-step method including co-polymerization, surface 
activation and exfoliation that resulted in structurally very 

robust and catalytically highly efficient g-C3N4 nanosheets as 
evidenced by a 38 fold enhancement in hydrogen production as 
compared to pristine g-C3N4.166 In addition to semicrystalline g-
C3N4, they also engineered a sponge-like hierarchical structure 
of amorphous g-C3N4 (ACN) to overcome the mismatch 
between light-absorption and charge-collection that limited the 
AQE to < 0.5 % under visible light irradiation.167 The modified 
ACN exhibited 40 % enhanced light-trapping and a ~23 times 
longer electron lifetime that led to a new benchmark for 
hydrogen production with an apparent quantum efficiency 
(AQE) of 6.1 % at 420 nm.168 Traditional fabrication methods for 
g-C3N4 nanosheets result in a blue shift in optical absorption, 
which is considered a major cause of poor efficiency. Recently, 
a fabrication method was demonstrated to counteract this 
blue-shift that resulted in a AQE of 16% at 420 nm.169

g-C3N4 is considered as a wide bandgap semiconductor for 
photocatalytic applications. Its absorption edge is confined to 
the ultraviolet and blue fraction of the solar spectrum (λ < 450 
nm) which limits its photocatalytic performance. Benefits of 
metal and non-metal doping with various heteroatoms (e.g. Ag, 
Cu, Rh, Pt, Na, P, F, B S etc.)  are frequently exploited to tune 
the bandgap of g-C3N4 for improved visible light absorption.170 

However, doped g-C3N4 suffers from the innate drawback of 
carrier recombination. Alternatively, surface modification using 
soft and hard templating, copolymerization of two or more 
precursors, nanostructuring of bulk material, coupling with 
other semiconductors/metal complexes to form 
heterojunctions, etc., are routinely employed to improve the 
photocatalytic performance of g-C3N4.171-180 These conventional 
techniques are already been comprehensively reviewed 
elsewhere.9-11, 170  

Beyond those above mentioned techniques, molecular 
tuning of the structure, compositions, and electrochemical 
surface states of carbon nitride were achieved by combining 
advanced computational quantum chemistry and 
nanotechnology. Research has progressed significantly 
regarding the in-depth mechanistic understanding of 
photochemical, electrochemical, and electro-optical processes 
in carbon nitride. Supramolecular assembly, metal-to-ligand 
charge transfer, surface chemical modification, construction of 
surface bonding states, self-sensitization, homogeneous 
self-modification of vacancies, stabilizing single metal atoms, 
monomer functionalization, etc., are some of the notable 
techniques for molecular tuning of the intrinsic catalytic 
activities of carbon nitride. We have recently reported the latest 
progress in molecular tuning of carbon nitride.12 In this 
contribution, our focus is therefore to cover the new 
developments in carbon nitride based photocatalysts.

8.6.1 New derivatives of carbon nitride beyond C3N4

Recently, tuning the band structure of g-C3N4 through self-
modification of chemical structure has emerged to synthesize 
the carbon nitride framework with entirely new 
physicochemical properties for efficient photocatalytic 
applications. This can be done by either reducing the nitrogen 
content or adding extra nitrogen-rich moieties in the g-C3N4 
scaffold. For the case of nitrogen reduction, the nitrogen 
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content is reduced to an extent such that C/N > 1. Thus, the end 
product is a carbon rich carbon nitride which is sometimes 
called carbon-subnitride. Theoretically, there could be many 
variations in carbon-subnitride. However, C3N and C2N (1.96 eV) 
are the only experimentally demonstrated representatives of 
carbon-subnitride to date.181-183 Contrarily, upon addition of 
extra nitrogen such that C/N < 1, the product is a nitrogen rich 
carbon nitride (C3N4+x) which is sometime also called carbon 
supernitride. For example, Vinu et al. demonstrated the 
synthesis of N-rich carbon nitrides, C3N5 (2.2 eV, HER at 267 
μmol h−1 at 420 nm) and C3N6 (2.25–2.5 eV, HER at 31.5 μmol h−1 
at 420 nm).184, 185 However, stand-alone C3N and C2N are yet to 
be applied for photocatalytic hydrogen production. 
Interestingly, Co and Ru supported C2N exhibited 
electrocatalytic hydrogen evolution.186, 187

The carbon sub/super nitrides constitute new and different 
bonding structures compared with g-C3N4. For example, 
skeleton of C3N5 is formed from two s-heptazine units that are 
bridged together with an azo linkage. In contrast, g-C3N4 has 
three heptazine units that are linked together with tertiary 
nitrogen. C3N5 is attributed with extended conjugation of an 
aromatic π network of heptazine units compared with g-C3N4 

that lead to an upward shift of the valence band maximum. 
Extended π-conjugation and distribution of the lone pair 
electrons in the N atom to the heptazine motif can reduce the 
bandgap significantly. 

Following the report of Vinu et al., recently, , Shankar et al. 
reported the synthesis of a C3N5 with a C/N ratio of 0.6 and an 
electronic bandgap of 1.76 eV by thermal deammoniation of the 
melem hydrazine precursor.188 Clearly, Shankar’s C3N5 has an 
extended absorption range compared with Vinu’s C3N5. 
However, this extended absorption range comes with a penalty 
in the VB band position that makes it unsuitable for water-
splitting. For example, its CB edge is positioned at −0.72 V, while 
the VB edge is at +1.04 V vs NHE at pH 0. Considering the proton 
reduction potential (0.0 V at pH 0), the CB edge is suitable for 
proton reduction in the presence of a sacrificial electron donor, 
although It is yet to be applied to photocatalytic hydrogen 
production. However, it is not suitable as a stand-alone catalyst 
for the overall splitting of water, because water oxidation 
(H2O/O2) requires a VB position at least at +1.23 V vs NHE at pH 
0. Nevertheless, owing to the excellent visible light absorption, 
C3N5 was applied as a photosensitizer to increase the 
photocatalytic performance of TiO2. 188 Compared to C3N4, C3N5 
was found to have a higher charge transfer resistance and a high 
rate of charge carrier recombination that are detrimental to 
photocatalytic performance. Clearly, intense research is needed 
to adjust its band positions and overcome its charge transport 
related problems to be suitable as a water-splitting 
photocatalysts.

Rahman et al. reported a topological carbon nitride (TCN) as 
a new type of carbon nitride with built-in polycrystalline and 
amorphous phases.189 In the synthesis of TCN, a new concept of 
‘repairing the crystallinity of the amorphous phase’ was 
developed. This comes with the realization of localized photon 
absorption for the first time for any carbon nitride 
photocatalyst. This attribute is highly desirable to limit wasted 

photon absorption at the regions where charge carriers are 
most likely to undergo recombination. This research provided 
new understanding of entropy assisted charge carrier 
separation. These attributes enable cocatalyst-free hydrogen 
production in TCN, while other carbon nitride based 
photocatalysts are dependent on a precious metal (i.e. Pt) 
cocatalyst.

8.6.2 Dealing with bottleneck of charge transport for Pt-free 
hydrogen production

A long-standing problem with CN is its dependence on metal 
cocatalysts, such as platinum for photocatalytic hydrogen 
evolution. Sluggish charge transfer kinetics and a high activation 
energy for proton reduction makes pristine CN dependent on a 
high loading of precious Pt-cocatalyst for hydrogen evolution. 
Recently, it was shown that the limiting factors of Pt-dependent 
hydrogen production could be overcome by amorphization with 
a mechanistic understanding of the origin of cocatalyst-free 
hydrogen evolution.190 

Dissociation of electron-hole pairs into free electrons and 
holes in CN also suffers from an inherent high recombination 
rate.29 Conventionally, the suppression of recombination is 
preferentially dealt with a heterojunction but inherently 
depends on the precious metal cocatalyst. 191  To overcome the 
dependency on precious metals, it has been reported that 
coupling two energetically optimized carbon nitrides, but with 
different phases in the form of a hybrid could significantly 
inhibit charge carrier recombination and facilitate the charge 
transfer processes.192, 193 It was found that the potential 
gradient in this homojunction delocalizes electrons and holes, 
and increases the spatial charge separation. Therefore, this led 
to a high AQE of 5% for photocatalytic H2 production from water 
under visible light irradiation in the absence of a precious metal 
(e.g., Pt) cocatalyst.32 

Clearly, efficient photogeneration of charge is the key for 
enhanced hydrogen production via water-splitting. 
Photogeneration implies the sequential steps of exciton 
generation followed by dissociation of the excitons, and finally, 
diffusion of excitons to the surface/interface for redox 
reactions.33 Excitons are Coulombically strongly bound in CN 194 
which makes dissociation of excitons into free electrons and 
holes difficult.195 In the process of exciton generation to 
dissociation into free charge carriers, the 
recombination/trapping of charge carriers is the undesired but 
unavoidable problem. Therefore, a predictive understanding of 
the relationship between charge transport related phenomena 
and photocatalytic performance is crucial for rational design of 
the photocatalyst materials. Much relevant research has been 
to make morphological fine-tuning from the bulk-to-nanoscale 
and to construct heterojunctions to deal with the charge 
transport problems in CN. However, there are only a few 
reports regarding the mechanistic understanding of charge 
transport phenomena in CN at the atomic level.9, 191

Based on transient spectroscopy measurements, a cascade 
of charge transfer kinetics was found in CN196  that showed 
preferentially 1D diffusive hopping transport along the 
interplanar direction, Fig. 12. 197 The dissociated excitons 
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migrate independently between nearest neighbor monomers in 
a manner of diffusive hopping transport, and exciton relaxation 
follows a path of nonradiative decay. Recombination depends 

on the dimensionality (1D, 2D, 3D) of the spatial region. For 
higher dimension, a strong decrease in excitation density and 
weaker recombination prevailed.197

Fig. 12 Light induce charge transport in CN. a, b) Photoexcitation and generation of singlet excitons (SE), c) rapid dissociation (< 200 fs) of SE into singlet polaron 
pairs, d) further dissociation into free polarons, e) diffusive Brownian motion of free polarons, f) recombination of free polarons, and recovery of  singlet (SE) 
or triplet (TE) excitons. Effect of dimensionality on g) the time-dependent luminescent flux and h) associated excitation density. Allowed ranges of excitation 
densities and absorption coefficients for 1D, 2D, and 3D scenarios in i) the diffusion-limited case and j) domain-size-limited case. Reproduced with permission 
from ref. 16. 197 Wiley-VCH (2015).

Based on the charge trapping model for CN proposed by 
Durrant el at. 198 (Fig. 13), a photogenerated electron may 
undergo one of the two events in the course of transition to the 
conduction band. It may either transit directly to the conduction 
band to create an emissive state (EM) or become trapped 
forever in deep or shallow trap states.  Even if the electron 
succeeds in going to the conduction band from the ground 
state, an excited electron may fall back to the ground state (GS) 
and recombine with holes, or be trapped in the trap states. 199 
Electron trapping is inversely related to recombination. 
Regardless of the recombination or the trapping of electrons, it 
will reduce the concentration of free charge carriers, and 
therefore, decrease the nominal charge transfer rate. 198 
Consequently, there would be fewer electrons and holes to be 
transferred to catalytic active sites for redox reactions. 

Singlet excitons in carbon nitride were found to be confined 
to the tri-s-triazine unit, and are influenced by a strong 
Coulombic attraction along with electron-lattice and electron-

electron interactions that causes a large binding energy, greater 
than the thermal energy.194, 200 The dissociation of the exciton 
requires overcoming this binding energy within its lifetime. 195 
Following dissociation, the excitons may also recombine and 
might never reach the catalytic sites.32, 195 Both the 
photocatalytic activity and exciton dissociation are therefore 
statistical in nature- varying with the wavelength of the 
photoexcitation.201

It has been shown that if triplet-to-singlet conversion process 
could be attained, it would significantly enhance the HER 
mechanism.202 For example, triplet-to-singlet conversion would 
promote the availability of more electrons to be transferred to the 
active sites for HER by delaying carrier recombination lifetime from 
nanoseconds to microseconds. A half-metallic semiconductor may 
avail the triplet-to-singlet conversion due to spontaneous spin 
polarization that makes the electronic structure around the Fermi 
level split into spin-up and spin-down.203
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Fig. 13 Schematic representation of a) charge trapping model, and b) 
influence of trapping on charge transfer reactions. Reproduced with 
permission from ref. 24. 198 American Chemical Society (2017).

DFT calculations reveal that when OH− comes in close vicinity 
of CN, photogenerated electrons in carbon nitride transfer to the 
empty molecular orbitals of OH-. Consequently, it become difficult 
for OH− to be oxidized to the hydroxyl radical unless sacrificial 
reagents are used to sweep the electrons. The sacrificial electron 
scavenger depletes the electrons and promotes the holes migration 
to OH−, and therefore, enhances the photo-oxidation reaction rate. 
204 As a result, the sacrificial hole/electron scavengers are now 
being routinely employed to suppress HER or OER. A reverse 
hole/electron transfer, RH(E)T process from adsorbate-to-
substrate governs the efficacy of hole/electron scavengers.205 
An ideal hole/electron scavenger should capture the holes from 
the substrate as quickly as possible and retain the captured 
holes/electrons as long as possible. The timescale for RH(E)T is 
the measure of highly efficient hole/electron scavengers.

8.6.3 Achieving AQE > 50% with visible light
Thermally-induced polycondensation of nitrogen-containing 
precursors is the most commonly used method to synthesize 

pristine g-C3N4. This traditional technique typically results in a 
g-C3N4 with lower crystallinity, poor charge transport, and 
therefore, moderate photocatalytic activity. Therefore, the 
synthesis of a fully condensed and crystalline g-CN is desirable 
with the vision that the improved crystallinity would reduce the 
defect related recombination centers for electron–hole pairs in 
the photocatalyst which will, in turn, enhance the 
photocatalytic activity. 

To address this problem, a molten salt method was 
developed to synthesize crystalline g-CN. For example, 
crystalline g-C3N4 was synthesized from a preheated melamine 
precursor using KCl/LiCl salts, which showed impressive rates of 
hydrogen production from phosphate solution with an AQE of 
50.7 % at 405 nm.175 This high AQE was attributed with 
enhanced crystallinity of the extended conjugated system that 
reduces the density of surface defects, decreases unpaired 
electron density, and suppresses electron–hole pair 
recombination.  

Antonietti and co-workers have significantly advanced the 
molten-salt assisted synthesis of crystalline carbon nitrides with 
AQE > 50% under visible light irradiation. For example,  they 
synthesized a crystalline carbon nitride from co-condensation 
of urea and oxamide using KCl/LiCl that exhibited a narrow 
bandgap of 2.56 eV and a maximum π–π layer stacking distance 
of heptazine units of 0.292 nm (while it is ~0.326 nm for pristine 
g-C3N4). The narrow bandgap provided extended spectral 
overlapping for harvesting low energy photons, while compact 
interlayer stacking improved the lateral charge transport and 
interlayer exciton dissociation. As a result, it showed hydrogen 
evolution with an AQE of 57 % at 420 nm.172 Recently, they have 
also investigated the combination of different salts in the 
synthesis of crystalline carbon nitride and their photocatalytic 
performance, see Fig 14. It was found that ionothermal 
synthesis of carbon nitride in NaCl/KCL salts resulted in an AQE 
of 60% at 420 nm.206 This is the highest AQE reported to date 
for any type of carbon nitride based photocatalyst.

Fig. 14 a) UV/Vis absorption (inset: digital photograph). b) HOMO and LUMO positions determined by Mott–Schottky plots and UPS analysis. c) Photocatalytic 
H2 evolution rates at 420 nm. Adopted with permission from. 206 Wiley-VCH (2018).

8.6.4 Binary heterojunction photocatalysts
A binary heterojunction is comprised of two different materials. 
It is a purpose built and custom made structure to 
accommodate one or more of the followings actions: increasing 
the window of photon absorption from the UV to the IR, to deal 

with the kinetic competition between charge recombination 
and separation, and set band edges to be compatible to redox 
potentials. We discuss some notable binary heterojunctions of 
metal-free photocatalysts below.
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Most of the metal-free heterojunction photocatalysts have 
been made having g-C3N4 as a base with another metal or 
semiconductor that is incorporated with it to form a 
heterostructure. For instance, g-C3N4 is composed of carbon 
materials, e.g., multiwalled carbon nanotubes, carbon black, or 
carbon nanodots etc., in which carbon materials act as a 
conductive material to transfer the photogenerated electrons 
to catalysts for H2O2 decomposition.207, 208 Endowed with high 
conductivity, intrinsic carrier mobility, and specific surface area, 
graphene is also a commonly used material to promote charge 
transport because of the area of graphene. A graphene/g-C3N4 
heterostructure photocatalyst for hydrogen evolution was 
reported209 for hydrogen evolution with a rate of be 451 μmol 
h−1 g−1 in the presence of methanol as an electron donor and Pt 
as a cocatalyst. In this heterostructure, the graphene was used 
to provide electronic conductive channels for efficient 
separation of the photogenerated charge carriers.  For an 
optimal graphene content (∼1.0 wt %), graphene/g-C3N4 
heterostructure photocatalysts could produce at rate that was 
~3 times greater than that of pristine g-C3N4. Recently, a 
sandwich of graphene-carbon nitride-graphene (titled GR-CN-
GR) was reported for simultaneous photocatalytic hydrogen 

generation and capsule storage, Fig. 15. 210 Among the carbon 
materials, carbon dots are used to prepare 2D/0D 
heterostructure photocatalyst. The carbon dots here function 
as a photosensitizer to expand visible light absorption regions 
and suppress the recombination of photo-induced carriers. A 
carbon dot/g-C3N4 photocatalyst exhibited hydrogen evolution 
at a rate of 88.1 μmol h-1 under visible light irradiation from 5 
vol. % methanol aqueous solution with 2 wt. % Pt. 211

While the above mentioned heterostructure photocatalysts 
were dependent on precious metal Pt- cocatalysts for hydrogen 
evolution, Han et al.212 reported an interconnected framework 
of mesoporous g-C3N4 nanofibers merged with in situ 
incorporated N-rich carbon (g-C3N4@C) that exhibited hydrogen 
evolution at a rate of 16885 μmol h−1 g−1 without any 
cocatalysts that achieved an AQE 14.3 % at 420 nm. In this 
heterostructure of C3N4@C, excitons generated in g-C3N4 were 
transferred to carbon or nitrogen atoms on N-carbon where the 
proton reduction reaction was taking place to generate H2. This 
3D porous skeleton of C3N4@C resulted in high surface area, 
efficient charge separation and transfer, and enhanced light-
absorption. The highest AQE of 77.4 % at 420 nm was reported 
for a metal-free heterojunction photocatalyst of P3HT/g-C3N4. 

Fig. 15 a) The photocatalytic (water-splitting) hydrogen evolution and capsule storage scheme: (1) photo-generated electrons (e−) and holes (h+) separating; 
(2) water splitting to produce protons (H+) through holes (h+) attacking; (3) protons (H+) penetrating through GR and producing H2 molecules; (4) H2 molecules 
are prohibited from moving out of the sandwich. b) Charge distribution computed as Bader charge differences between GR–CN–GR sandwich. Yellow and 
blue bubbles represent respectively electron and hole charges with isosurface value of 0.0005, e Å−3. Adopted with permission from. 210 Nature Publishing 
Group (2017).  
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Such a high AQE was a result of wide visible light absorption, 
efficient charge transfer at the interface, and a suitable 
oxidation half-reaction caused by the sacrificial reagent. 213 
Other notable metal-free heterojunctions include 
fullerenes/carbon nitride and polytriazine/heptazine carbon 
nitride for photocatalytic hydrogen evolution. 214-216 Beyond 
carbon based materials, phosphorous was also coupled with 
carbon nitride with broadband solar absorption from the UV to 
near-infrared region of the solar spectrum. For example, a red-
P/g-C3N4 and BP/carbon nitride were demonstrated, 
respectively for hydrogen evolution in the presence of sacrificial 
electron donors and a Pt cocatalyst. 217, 218

In addition to broadband photon absorption, the 
phosphorus built heterojunction also provided prevention of 
charge trapping into deep and photocatalytically inactive trap 
states of g-C3N4 in which neither participate in the charge 
transfer reaction nor reduce electron acceptors on the surface 
or in solution during the photocatalytic process.198, 219 Because 
of these highly beneficial attributes, the red P/g-C3N4 

heterojunction exhibited a remarkable hydrogen production of 
2565 µmol h−1 g−1. 220

By exploiting the in situ bond modulation through a defect-
induced self-functionalization process,221 a molecular polymer 
heterojunction of GCN with polyfluorene family polymers was 
reported with an AQE of 27%.222 This molecular heterojunction 
accommodates intermolecular π – π interactions, and an 
optimized band structure for efficient exciton dissociation and 
extended visible light absorption.

All of the above discussed heterojunctions are active in only 
hydrogen production via a half reaction of water-splitting while 
overall water-splitting remains great challenge. In opposition to 
challenging the four electron pathway for oxygen evolution, 
recently, a two electron pathway to release O2 from water was 
reported in a heterojunction of carbon dots/C3N4, where water 
is oxidized via a two-electron reaction to H2O2 and H2, followed 
by H2O2 decomposition to O2 and H2O (i.e. 2H2O → H2O2 + H2;  
2H2O2 → 2H2O + O2). 223 This heterojunction demonstrated 
overall water-splitting with a solar-to-hydrogen conversion 
efficiency of ~2%. This is indeed a milestone achievement for a 
metal-free photocatalyst reported to date. Inspired by this 
work, a heterostructure of Cring -C3N4 was reported for hydrogen 
evolution via overall water-splitting. 224 In this heterostructure, 
a strong in-built electric field that was produced by a sp2-
hybridized π-conjugated system with different work functions. 
This internal electric field provides an intrinsic driving force for 
delocalization of the photocarrier around the photoexcited 
sites, and promotes electron–hole pair separation and 
transport. Additionally, high electron density around the Fermi 
level introduced by the carbon ring increases the photocarrier 
diffusion length and lifetime significantly (10 times) relative to 
those of pristine g-C3N4. As a result, the Cring–C3N4 
heterostructure produced hydrogen at a rate of 371 μmol g–1 h–

1 with an AQE of 5 % at 420 nm. 

9. Metal-free ternary photocatalysts for 
hydrogen evolution

9.1 Borocarbonitride (BCN)
BCN is different from B-, N-codoped graphene225  both from 
compositional and structural aspects. The electronic properties 
of BCN can be tuned between graphene (gapless) and BN 
(insulator) by varying the B:C:N ratio or by configurational 
changes in the structure of BCN. 226

Want et al. reported BCN tubes (~2.72 eV) as a hydrogen 
evolution photocatalyst. BCN tubes exhibited hydrogen 
evolution with an AQE of  0.32% at 405 nm.227  They recently 
reported a boron-rich ceramic aerogel-like 3D porous BCN 
photocatalyst that was synthesized by a eutectic molten salt 
method. The BCN aerogel showed absorption in the range of 
420 to 650 nm that corresponds to an optical gap of 2.92 eV to 
2.72 eV. The optimum BCN aerogel evolved hydrogen at a rate 
of 7.3 μmol h−1 with an AQE of 0.82 % at 420 nm.228

9.2 h-BN/graphene hybrid
The BN family includes amorphous BN (a-BN), hexagonal BN (h-
BN), cubic BN (c-BN), and the relatively rare wurtzite BN (w-
BN).229 Among them h-BN only has a layered structure. 
Hexagonal boron nitride (h-BN), also referred to as white 
graphene or boronitrene, is a layered honeycomb allotrope of 
boron nitride.230 In contrast to ideal graphene (a gapless 
material), h-BN features a wide band gap (> 5 eV). Because the 
bandgaps of these layered materials do not fall within the 
thermodynamic limit of water-splitting redox potentials; 
neither graphene nor h-BN, Individually, can be used as a 
photocatalyst. Therefore, bandgap engineering is the foremost 
issue to deal with. In this regard, merging h-BN and graphene in 
the same lattice to form the so-called h-BN/graphene hybrids 
therefore is of great research interest.230-234 

Quantum chemical computations reveal that size 
modifications of h-BN segments confined in a given graphene 
host may induce dramatic electrical property variations.235, 236 
Interestingly, theoretical studies revealed that h-BN fragments 
embedded in graphene hosts may induce precisely the reverse 
effect on band gap related properties, that may vary from 0.7 
eV to 4.0 eV.236 Additionally, when finite sections of h-BN are 
confined in the graphene flakes, exceptional nonlinear optical 
properties might emerge. 

Layered BN has a structural analogue of graphite with strong 
in-plane bonds and weak coupling between layers.   Honeycomb 
lattice h-BN can be thought as of graphene by substituting 
carbon (C) atoms in graphite with alternating boron (B) and 
nitrogen (N) atoms. Therefore, C, B, and N atoms can coexist as 
atomic sheets in a layered structure. Because, h-BN and 
graphene share similar lattice parameters and crystal structure, 
therefore, hybridization of h-BN and graphene together with 
the mixture of C, B and N atoms will result in a ternary B–C–N 
system with interesting characteristics. Boron carbonitride 
(BxCyNz) nanostructures may be of particular interest.231 
Recently, carbon doped BN (denoted as BCN-30, Eg = 2.9 eV) was 
reported as a hydrogen evolution  photocatalyst with an AQE 
value of 0.54% at 405nm in presence of Pt (3 wt.%) as cocatalyst 
and TEoA (10 vol%) as a sacrificial electron donor.237 Theoretical 
studies showed that semi-hydrogenated graphitic BN sheet238 
may also be a water-splitting photocatalyst. However, its 
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synthesis and practical demonstration in water-splitting 
applications has yet to be proven. 

BN is not much studied as a water-splitting photocatalyst. 
Lack of facile synthesis methods to prepare hybrid or ternary 
structures of the B–C–N system, and yet found effective tuning 
of their bandgaps for suitable photocatalysis are the remaining 
challenges for widespread applications. A meaningful 
combination of C, B and N atoms could offer different (B–C–N) 
layered configurations of binary and ternary compounds with 
different stoichiometry, such as BCN, BC2N, BC4N, BC3 etc. 
Recent progress in synthesis of different BxCyNz nanostructures 
such as nanotubes and microspheres could be taken as 
guidance to develop photocatalyst grade BCN structures.239 
Nanotubes were synthesized by Pyrolysis of the BH3–
trimethylamine adduct240 or by chemical vapour deposition,241 
while microspheres were produced by the reaction of low-
surface area carbon spheres with urea and boric acid.242 
However, these nanostructures were not demonstrated for any 
photocatalytic applications. Future research needs to be 
directed to explore this avenue.

9.3 Metal-free ternary heterojunction photocatalysts
Efficient charge transport is key for enhanced hydrogen 
production.  In a heterojunction, due to offset of the conduction 
and valence bands, the band-offset facilitates delocalization of 
charge carriers and retards back-recombination of electron-
hole pairs. 243-245 A semiconductor heterojunction is therefore 
highly sought after in heterogeneous photocatalysis. 246, 247 
With the plethora of inorganic semiconductors, metal-free 
binary heterostructure are emerging. However, metal-free 
ternary heterostructure (combining three materials) are rare, 
because of the limited number of metal-free semiconductors, 
hybridization constraints and intricate synthesis procedures. 

 

Fig. 16 Schematic illustration of charge transfer process for photocatalytic 
hydrogen in GCN/ACN/rGO. The band offsets between GCN and ACN helps in 
delocalizing the electrons in conduction band of ACN while holes in valence 
band of GCN. rGO enhances the transfer of surface electrons to water for 
proton reduction. Reproduced with permission.248 Royal Society of Chemistry 
(2017). 

Rahman et al reported, for the first time, a ternary metal-free 
heterojunction photocatalyst for hydrogen production by 
combining GCN, ACN and rGO (reduced graphene oxide) with 
an AQE of 6.3% at 420 nm, see Fig. 16. 248 This ternary 
heterojunction was built by in-plane stitching of 2D domains of 
GCN, ACN and rGO with similar aromatic structures that 
induced an intrinsic driving force for delocalization of 
photocarriers in photoexcited states. 249 The difference in work 
functions induced a strong electric field for efficient charge 
separation. 250

10.Organic photocatalysts
Because of the flexibility in molecular engineering and precise 
tuning of optoelectronic properties, organic π-conjugated 
polymers have emerged as a promising alternative to the widely 
accepted inorganic semiconductor photocatalysts.251, 252 
Noticeably, while inorganic photocatalysts have limited photon 
absorption beyond 550 nm, a new era of 600 nm-class 
photocatalyst begins with organic materials for solar fuel 
production. In 1985, for the first time, linear poly(p-phenylene)s 
were reported as an organic photocatalyst for H2 evolution with 
an apparent quantum efficiency (AQE) of 0.006 % under 
UV-light irradiation (λ>366 nm).253 However, the interest in 
polymeric photocatalysts for photocatalytic H2 evolution waned 
over the time due to instabilities and extremely poor AQE 
values. Recently, a renewed interest in this area has been 
noticed. Conjugated microporous polymers (CMPs), conjugated 
organic frameworks (COF), conjugated triazine frameworks 
(TzF), conjugated phosphinine frameworks (CPF), and silicate 
conjugate frameworks (SiCOF) are the most notable polymeric 
photocatalysts.11, 181, 182, 186, 189, 254-271 In the following 
subsections, we will discuss the progress with regard to 
hydrogen production from polymeric photocatalysts.

10.1COF
Covalent organic frameworks (COF) are structures that are 
made by stitching organic molecules together through strong 
covalent bonds using the principles of reticular synthesis.272 
Notably, COFs are the first example demonstrating covalent 
bonds beyond molecules to organic solids that are entirely 
composed of light elements, and therefore begins the era of 
‘the chemistry of the framework’.273 COFs are geometric 
constructs from molecules, while molecules are geometric 
constructs from atoms. Making covalent bonds between the 
molecules to form COFs, linkers (building units) and linkages 
(bond formed between those units upon reticulation) are 
essential. 

Synthesis of COFs start with linkers and ends with 
reticulation of the linkers by stitching them with appropriate 
linkages to form an extended framework.274 Fig. 17 illustrates 
the approaches of the reticular synthesis of COFs of various 
dimension and structure. Over the years, organic chemists have 
mastered the art of controlling covalent bond formation from 
0D to 3D by utilizing the principles of dynamic covalent 
chemistry (DCC). 275-279 Fig. 18 represents the chronological 
progress in the synthesis of COFs with various dimensions. 
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Because direct crystallization of COFs has yet to be proven 
feasible, reversible condensation reaction mechanisms such as 
the Schiff base reaction, spiro-borane condensation, 
Knoevenagel condensation and imide condensation, etc., are 
being routinely used to construct crystalline COFs.278-281 The 
reversibility in bond formation endures the possibilities of self-
healing and error correction (i.e., if any bond formation 
happens in an undesired direction, the system will repair it 
through back reaction and bond reformation) during the 
crystallization.278 In DCC, a specific chemical agents are used to 
maintain the reversibility to render ordered COF structures with 
high crystallinity. COFs are mainly targeted for gas storage, 
however, recently it has also been considered for 
heterogeneous catalysis applications. 

The interest in COF-based photocatalysts is increasing 
because of favourable physicochemical properties pertinent to 
photocatalytic water-splitting reactions. Light harvesting, 
charge transport phenomena and catalytic reactions sites can 
be precisely tuned by selecting appropriate molecular building 
blocks and their reticulation within COFs. Some of the most 

notable characteristics of COFs includes high structural 
porosity, high surface areas, crystallinity, low density, and 
stability regardless of the pH of oxidative and reductive 
environments.

These attributes facilitate the rapid diffusion of charges to 
the surface for increased interaction with secondary catalytic 
enhancers (i.e., sensitizers, electrolytes, sacrificial agents, 
cocatalysts etc.), enhance the lifetimes of the excited states and 
charge carrier mobility, suppress recombination of charge 
carriers, and offer high gravimetric performance.275 Therefore 
the modular, porous, and crystalline COFs are gradually 
becoming one of the most prominent metal-free photocatalysts 
for hydrogen evolution. Since the first demonstration of a 
hydrazone-based COF (TFPT–COF) as a hydrogen evolution 
photocatalyst in 2014,282 continuous growth in this field of 
research is slowly but steadily emerging (see Table 1 and Fig. 
19).283-287
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Fig. 17 Approaches for reticular synthesis of COFs.  (a, b) reversible organic reactions used for COF construction, and (c) symmetric combinations used for 2D 
COF construction. Adopted with permission from278. American Chemical Society (2019).

Fig. 18 Chronological advancement in COF synthesis. Adopted with permission from278. American Chemical Society (2019).

In 2015, aryl triphenyl azine COFs (Nx-COFs) were 
synthesized and demonstrated for H2 evolution.283 A stepwise 
increase in the nitrogen content of the central aromatic ring was 
shown to lead to a progressive increase in photocatalytic 
hydrogen evolution. Later on, research was extended to study 
the structure–property–activity relationships in such 
materials.286 The enhanced hydrogen evolution activity in Nx-

COFs with increased nitrogen content in the central aryl ring 
were traced back to intrinsic electronic factors that can possibly 
influence the hydrogen evolution rate, such as the band gap, 
the absolute HOMO and LUMO levels with respect to the 
hydrogen evolution potential, and charge carrier delocalization 
in the excited state. Apart from electronic factors, the radical 
anion stabilization energy, crystallinity, and surface area were 
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also found correlated with the HE activity, which are higher in 
the N2/N3-COFs and lower in the N0/N1-COFs.  However, in 
depth understanding of the interplay and relative weight of the 
structure–property–activity relations remains elusive. While 
the peripheral rather than the central aryl ring in Nx-COFs were 
substituted with nitrogen atoms, the resulting PTP-COF also 
showed photocatalytic hydrogen evolution in the presence of 
triethanolamine as the sacrificial electron donor and a Pt co-
catalyst. 286 The HE rate of PTP-COF was reported to be 83.83 
μmol h−1 g−1 which is comparable to that of N1-COF (90 μmol h−1 
g−1), while an order of magnitude lower than that of N3-COF 
(1703 μmol h−1 g−1). 283, 286

In another study, synthesis and photocatalytic applications 
of novel β-ketoenamine COFs, such as TP-DTP,  TP-EDDA and TP-
BDDA having acetylene (−C≡C−) and diacetylene moieties 
(−C≡C–C≡C−)  was reported.259 TP-BDDA showed a continuous 
hydrogen evolution at a rate of 324 ± 10 μmol h–1 g–1, whereas 
the hydrogen evolution rate for TP-DTP and TP-EDDA was 20 ± 
5 μmol h–1 g–1 and 30 ± 5 μmol h–1 g–1, respectively. Higher 
hydrogen evolution rates for the case of TP-BDDA implies that 
the conjugated diacetlylene moiety has an important role for 
enhanced activity. It was found that diacetlylene moiety was 
responsible for the reduced bandgap, high charge career 
mobility, and facile migration of photogenerated excitons to the 
surface of the photocatalyst which was confirmed by 
photocurrent response measurements and electrochemical 
impedance spectroscopy analyses. A maximum AQE of 1.8% 
was obtained in TP-BDDA under the irradiation of 520 nm light. 
Wang et al. reported a crystalline COF based on a benzo-
bis(benzothiophene sulfone) moiety (FS-COF) that showed an 
excellent hydrogen evolution rate up to 16.3 mmol g−1 h−1 under 
long-term visible irradiation in the presence of a sacrificial 
electron donor and 8 wt.% Pt cocatalyst for at least 50 hours. 268 
The obtained AQE was 3.2% at 420 nm. The high quantum 
efficiency of FS-COF was attributed to its crystallinity, strong 
visible light absorption, and hydrophilic 3.2 nm mesopores.

Table 1: List of COF based photocatalysts for hydrogen evolution 

COF Eg 
(eV)

Sacrificial 
agent

Co-
catalyst

AQE Ref.

TFT-COF 2.8 TEoA Pt 3.9% at 
420 nm

282

N3-COF 2.7 TEoA Pt 0.44% 
at 450 

nm

283

PTP-COF 2.1 TEoA Pt 0.87% 
at 

AM1.5

286

N2-COF - TEoA Co-1 0.16% 
at 400 

nm

285

β-
ketoenamine 

COF

2.31-
2.42

TEoA Pt 1.8% at 
520 nm

259

TpDTz-COF 2.07 TEoA nickel-
thiolate

0.2% at 
450 nm

287

FS-COF 1.85 Ascorbic 
acid

Pt 3.2% at 
420 nm

268

Sp2-c-COF 1.9 TEoA Pt - 288

Recently, a fully π conjugated COF (sp2 c-COF) has been 
synthesized for photocatalytic applications.288 The sp2 c-COF 
constitutes an all sp2 carbon-based tetragonal skeleton in which 
the conjugated 2D sheets stack to form an ordered layered 
structure that enables exciton migration over the framework 
which splits into charges at the donor–acceptor interface as 
demonstrated by photocurrent measurements. The π columns 
therefore offer a pathway for charge delocalization to prevent 
backward electron transfer. The sp2 c-COF has a bandgap of 1.9 
eV with HOMO and LUMO levels suitable for water reduction, 
and is exceptionally stable in organic solvents, concentrated HCl 
solution, and aqueous NaOH solution (14 M). Moreover, the sp2 
c-COF has a pore size of 2 nm that facilitate the trapping of Pt 
nanoparticles for a favourable interface between pore wall and 
reaction center. The sp2 c-COF is attributed with the 
mechanisms for light harvesting, exciton migration and 
splitting, electron transfer, and charge transport. Endowed with 
these beneficial properties, the sp2 c-COF exhibited a hydrogen 
evolution rate of 2120 μmol h–1 g–1at λ ⩾ 420 nm. Most notably, 
it is the only COF reported to date which showed some activity 
for oxygen evolution.

Fig. 19 Selected COFs based photocatalysts for hydrogen production. This 
figure has been adapted from ref 259, 283, 287 and 288 with permission from 
American Chemical Society, copyright 2018, and Elsevier, copyright 2019. 

Research has also been directed toward developing earth-
abundant, non-precious-metal-based co-catalysts in place of 
platinum to be incorporated with COFs to reduce the 
overpotential of H2 generation. However, coupling molecular 
co-catalysts into the COF while ensuring efficient light 
harvesting and charge-percolation processes is a great 
challenge. For the first time, cobaloxime co-catalysts (Co-1) 
have been incorporated with an azine-linked COF (N2-COF) for 
hydrogen evolution with an AQE of 0.027% under AM 1.5 
illumination and, an AQE of 0.16% under 400 nm irradiation. 285 
The concern was the limited photostability whilst the catalyst 
often converts to an inactive form within a few hours (<6 h) of 
H2 evolution, possibly due to ligand decomposition or 
hydrogenation. Recently, a new type of cocatalyst based on a 
nickel-thiolate hexameric cluster was incorporated with 
thiazolo[5,4-d]thiazole-linked COF (TpDTz - COF) as the 
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photoabsorber in situ in water that enables long-term (70 h) H2 
production in TpDTz - COF at a maximum rate of 941 μmol h–1 
g–1  with a maximum AQE of 0.2% at 400 nm. 287 These AQE 
values are not impressive; however, they show the possibilities 
from thinking of cocatalysts beyond the commonly used Pt.

In those above reports on COF based photocatalysts, 
researchers have shown a tendency to compare their results 
with pristine g-C3N4 to claim that the reported COFs are better 
photocatalyst than g-C3N4. Actually, this is not the case (see ref. 
7 for the latest developments in g-C3N4-based photocatalysts). 7 
We urge prospective authors to compare their photocatalysts 
in terms of quantum yield or solar-to-hydrogen (STH) 
conversion efficiency rather than hydrogen production rate. 
Additionally, the hydrogen production rate should not be 
normalized by the mass of the spent photocatalysts because the 
rate does not vary with the mass.12, 15 For the case of carbon 
nitride based photocatalysts, the AQE reaches as high as 60% 
under visible light irradiation,206 while the COF-based 
photocatalysts are still struggling to overcome their inaugural 
AQE of 3.9%. Moreover, COFs have not yet proved active to 
produce H2 without an added electrocatalyst at the COF 
backbone. Clearly, carbon nitride based photocatalysts 
outweigh COFs in every aspect of synthesis, performance and 
stability. Therefore, the carbon nitride is more promising as a 
scalable photocatalyst for large-scale implementation of 
photocatalytic hydrogen production in the long-run.

Despite many beneficial attributes, the quantum efficiency 
of hydrogen yield in COFs is < 4%. It infers that the plausibly 
beneficial physicochemical properties need to be well-
orchestrated to maximize the H2 evolution efficiency. Further 
improvements in the photocatalytic efficiency might be 
achieved by an appropriate selection of building blocks and 
linkers for a custom made COF with controlled delocalization of 
the π-electron system both in the axial and in-plane direction. 
With this careful design, electron-rich terminal groups may 
facilitate the charge separation and possibly increase the 
excited-state lifetimes to maximize the charge separation and 
transport. Another avenue worth exploring is engineering the 
interfacial chemistry of COFs/sacrificial agents. Because COFs 
have not yet been observed to produce H2 without an added 
electrocatalyst, similarly, it also demands attention in 
optimization of the COF/electrocatalyst interface. Research 
needs to be carried out for the optimization of the kinetic 
overpotential associated with the charge-transfer and bond 
formation processes for H2 evolution in COFs. One 
recommended approach to accomplish this involves finding the 
dedicated catalytic reaction sites at the COF backbone. 
Currently, Pt is commonly use to trap electrons from the COFs, 
and to provides effective proton reduction sites for H2 
formation.  However, finding appropriate coordination sites for 
Pt on the COF backbone remains unexplored. Pt is the most 
celebrated cocatalyst because it is endowed with a large work 
function and a low Fermi level ideal for acting as an electron 
sink. However, platinum needs to be replaced with earth-
abundant nonprecious cocatalysts. We also know little about 
how the pH and reaction environment affect the hydrogen 
evolution in COFs. Because the microstructure of the polymer, 

degree of its solvation, and polarity of solvent influence the 
charge transfer and thermodynamic driving forces for hydrogen 
evolution activity. 289 Moreover, dielectric permittivity of 
solvent environment controls the population of polarons for 
proton reduction.290

10.2Covalent Triazine Frameworks (CTFs)
CTFs are new class of metal-free photocatalysts that are 
endowed with the excellent stability of triazine based carbon 
nitrides and the functionalities of extended π-conjugated COFs. 
However, unlike carbon nitrides, CTFs are inherently micro-
mesoporous. Although a considerable amount of research has 
been invested in developing different routes from high 
temperature to room temperature for synthesis of CTFs,165, 291-

295 the progress on CTF based photocatalysts was rather 
insignificant till 2016 evident by only few reports for hydrogen 
evolution.296-298 There are excellent reviews that cover the 
development of CTF-based photocatalysts up until 2016.251, 252 
We therefore limit our discussion to selected CTFs reported 
thereafter. 206, 257, 258, 299-302 

Fig. 20 a) Synthetic scheme of CTFs,  b) CP-MAS solid-state 13C-NMR and the 
digital photographs of corresponding CTFs, and c) the path of excited electron 
transfer in donor–acceptor CTFs. Adopted with permission from.300 Royal 
Society of Chemistry (2018).

Lotsch and co-workers made the early breakthroughs in CTF 
based photocatalysts,296 and reported an AQE of as high as 
~9.9% under UV-Vis light (>250 nm) irradiation.298 However, the 
AQE was < 3.5 % under visible light irradiation. To maximize the 
hydrogen quantum yield, CTF has been incorporated with 
donor–acceptor pairs and doping with heteroatoms.257, 303 A 
series of heteroatom (N, S, O) doped CTFs (namely, CTF-N, CTF-S 
and CTF-O) was synthesized using fluorene analogue building 
blocks, Fig. 20 a,b.300 The band gaps of CTF-N, CTF-S and CTF-O 
were calculated to be 2.17 eV, 2.47 eV and 2.67 eV, respectively. 
In these CTFs, the triazine rings can function as electron 
acceptors while the fluorene-like building blocks can act as 
electron donors. The benzene ring provides the bridge to 
transfer electrons from the donor to acceptor in a push–pull 
interaction. Under visible light irradiation, the excited electrons 
migrate from fluorene-like units (donor, blue part) to triazine 
rings (acceptor, green part), See Fig. 20 c. Because of the narrow 
bandgap (extended spectral overlapping for light absorption) 
and better charge transfer, CTF-N exhibited an AQE value of 
4.11% at 420 nm. While synthesis of CTFs is a time consuming 
(> 20h) process, Thomas et al. developed a technique to not 
only synthesize CTFs with a shorter reaction time (~10 min), but 
also showed that these are highly active in hydrogen evolution 
as evident by an AQE of 9.2% at 450 nm.258 Cooper et al. 
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reported the synthesis of an amorphous CTF (named as CTF-
HUST) via polycondensation under mild conditions (≤120 °C, no 
strong acids) as opposed to the commonly used ionothermal 
route at high temperature and under harsh acidic conditions. 
CTF-HUSTs showed hydrogen evolution at a maximum rate of 
2647 μmol h−1 g−1 under visible light.299

In addition to amorphous CTF-HUSTs, Tan el at. reported 
highly crystalline CTF-HUSTs by in-situ oxidation of alcohols to 
aldehyde monomers.304 Crystalline CTF-HUSTs evolved 
hydrogen as a rate of up to 5100 μmol h−1g−1 at 420 nm. 
Crystalline CTFs are comparably highly efficient than 
amorphous CTFs because of better electronic transport and 
light absorption. Research has been directed to investigate the 
impact of morphological features rather than structural 
changes. It was found that a hollow-spherical morphology of 
CTF could render a hydrogen evolution rate of 6040 µmol h−1 g−1 

with an AQE of 4.2% at 420 nm, (see Fig. 21).305 These 
hollow-structures facilitate the mass transfer of guest 
molecules and guide the migration of photogenerated charges 
to enhance the collection and separation of charges on the 
interface.

Fig. 21 a) The synthetic routes of of hollow CTF (CTF-HS) and  bowl-like CTF 
(CTF-HB). b) Reaction path. c) Wavelength-dependent AQY for photocatalytic 
hydrogen evolution. d) Recycling hydrogen evolution tests with 3 wt% Pt 
deposited at 420 nm. Adopted with permission from. 305 Wiley-VCH (2019).

In a plethora of CTF based hydrogen evolution 
photocatalysts, to date, only one CTF has demonstrated oxygen 
evolution; it was synthesized in a very mild microwave-assisted 
polymerization approach.306 This CTF demonstrated oxygen 
evolution with an AQE of nearly 4%, and hydrogen evolution 
with an AQE of 6% at 420 nm in the presence of sacrificial 
agents. This polymer holds potential for overall water splitting 
or to be integrated into a Z-scheme water splitting system. The 
performance is attributed to its well-defined and ordered 
structure, low carbonization, and superior band positions.

10.3Conjugated Microporous Polymer (CMP)
IUPAC classified three types of porous materials according to 
pore size, namely, macroporous materials having pore sizes 
greater than 50 nm, mesoporous materials having pore sizes 

between 2 and 50 nm, and microporous materials having pore 
sizes less than 2 nm.307 The skeletons of microporous polymers 
are built up from organic matter connected by covalent 
bonds.308 Unlike crystalline COFs, CMPs bring their own set of 
issues because of the diverse synthetic concepts that range 
from metal catalyzed couplings to metal-free condensation 
reactions.309, 310 The microporosity (pores of diameters below 2 
nm) and high surface areas (> 6000 m2 g−1)311 are the trademark 
properties of CMPs.312 The microporosity and high surface areas 
result from the polymerization of tectones (monomer building 
blocks) into the contorted molecular structures, and 
subsequent crosslinking of these contorted molecules. The 
contorted structures prohibit the space-efficient packing of 
polymers- therefore, creating a large free volume seen as 
microporosity, and the crosslinking of structures impede 
packing of the polymer backbone- resulting in high surface 
areas. 309, 312

The first CMPs were reported in 2007;313 however, CMP was 
not reported as a hydrogen evolution photocatalyst until 2015. 
263, 314 In sharp contrast to crystalline COFs, CMPs are 
amorphous and show no long-range molecular order. However, 
this lack of order does not come as an obstacle to tune the 
micropore size distribution and surface area by varying the 
length of the rigid organic linkers as demonstrated for ordered 
crystalline materials. 

Fig. 22 a) synthesis of 15 conjugated microporous polymers (CMP1 to CMP15) 
from a mixture of phenylene-containing (red) and pyrene-containing (blue) 
building blocks. b) The optical bandgap and related rate of hydrogen 
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evolution. Copyright 2015, Adopted with permission from.315 Nature 
publishing Group (2018).

It suggests that order is not a prerequisite for fine control 
over the microporous properties of organic networks. Most 
importantly, because CMPs are composed solely of carbon–
carbon and carbon–hydrogen bonds, they are thermally more 
robust and chemically more stable than many COFs and 
MOFs.313, 316Additionally, CMPs, a subclass of hypercrosslinked 
polymers, may combine the well-known properties of 
conjugated linear polymers as well as incorporate a wide range 
of chemical functional groups to tune the physicochemical 
properties for desired applications. Moreover, linking of carbon 
atoms in a conjugated manner lends CMPs to the use of metal 
catalysis under relatively mild conditions. 312 In particular, their 
synthesis lends itself to fine control over photophysical 
properties, such as the optical gap that is beneficial for 
photocatalytic water-splitting. Sprick et al. demonstrated CMPs, 
for the first time, as photocatalysts,263 and  opened a new 
window of opportunities for systematic engineering and 
manipulation of the properties that are deemed essential to 
improve the photocatalytic efficiency of CMPs. 

Sprick et al. used palladium-catalysed reactions route to 
prepare a series of 15 different CMPs from phenylene and 
pyrene building blocks (Fig. 22 a). These polymers exhibited a 
red-shift in optical absorption as evident by decreasing bandgap 
from 2.95 eV to 1.94 eV with increasing the pyrene content. In 
addition to enabling low-energy optical excitations, the 
structural effects such as the formation of cyclic substructures 

(rings) and the strain within CMPs becomes more dominant as 
the pyrene component increases. The bandgaps are suitable for 
hydrogen evolution via water-splitting reactions under visible 
light irradiation. Indeed, all of the polymers promoted stable 
hydrogen evolution, and hydrogen evolution reaches a peak for 
CMPs with a bandgap of 2.33 eV (Fig. 22 b). The lower 
photocatalytic activities of CMPs with smaller bandgaps were 
postulated to have enhanced recombination of separated 
charge carriers and increased kinetic barriers to electron 
transfer.

Sprick’s CMPs inspired other research groups to synthesize 
a series of microporous conjugated polymers through 
palladium-mediated polycondensation of chromophore 
monomers with biphenyl and bipyridyl comonomers. 
Chromophores enhance the light harvesting while comonomers 
provide better wettability, local ordering structure, and an 
improved charge separation process.317  The optical gap was 
shown to be tuned between 1.81 eV to 2.89 eV by varying the 
mole fraction of comonomers. The highest hydrogen 
production rate was ∼33 μmol/h at full-arc irradiation, while it 
was only ∼6.7 μmol/h with visible light (400 nm). The highest 
AQE was 0.34% at 350 nm. These results are an indication of the 
first demonstration of developing CMPs through 
copolymerization of a strong electron donor and weak electron 
acceptor in the same polymer chain. The rate of hydrogen 
production was further enhanced to 164 μmol/h with an AQE of 
1.8% at 350 nm by loading 2 wt % of Pt cocatalyst in addition to 
the residual palladium that was present in the CMP network. 

Fig. 23 a) chemical structure of PorFN. b) Energy level alignment of PorFN, chlorine ions, and TEOA at pH = 7. c) Photocatalytic experiment results in presence 
of TEOA and Pt under simulated solar light (AM 1.5G, 100 mW cm−2). d) Hydrogen evolution rate (HER) and corresponding turnover frequency (TOF). d) 
Photocatalytic experiment in simulated seawater. Adopted with permission from318. Wiley-VCH (2019).

Other studies showed that copolymerizing the 
electron-withdrawing benzothiadiazole units at different 
positions on phenyl rings, various CMPs with defined 
energy-band structures and charge-transfer and 
charge-separation abilities could be obtained, and the effect of 

the molecular structure on their catalytic activity was 
investigated. These CMPs exhibited photocatalytic H2 evolution 
efficiencies up to 116 μmol h−1 with an AQE of 4.01 % at 420 nm 
in the presence of TEoA as the sacrificial agent.319 Zhu et al. 
reported a series of CMPs from benzothiadiazole which had 
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electron-donating CH3O– and electron-withdrawing F-
substitutions which enable proton-coupled electron-transfer 
mechanisms. These CMPs showed H2 production with an AQE 
of 5.7% at 420 nm.320 Jiang and co-workers reported 
perylene-containing conjugated microporous polymers 
(PrCMPs) with a hydrogen evolution rate  of 12.1 µmol h−1 under 
UV–vis light irradiation.321

One common feature of the above discussed CMPs is their 
insolubility in water. Recently, water soluble 
dibenzo[b,d]thiophene sulfone polymers (S-CMPs) showed the 
highest hydrogen evolution rates of 6076 μmol h–1 g–1 (λ > 295 
nm) and 3106 μmol h–1 g–1 (λ > 420 nm) with an AQE of 13.2% 
at 420 nm. It indicates that enhanced wettability of the material 
particles and its pores play a significant role in improving 
hydrogen evolution. 267 An added candidate in this category is a 
newly developed CMP called PorFN, which was synthesized 
from a zinc–porphyrin core (Fig. 23 a).318 Noted that porphyrins 
are the most famous derivatives of natural chlorophyll 
molecules with large π-conjugated macrocycles, and have a 
high absorbance coefficient and high degree of electron 
delocalization. Structurally, PorFN consists of four fluorene 
units connected at the meso-position via phenyl bridge groups. 
The π-conjugated PorFN is endowed with enhanced light 
absorption, electron-donating ability, and efficient charge 
generation and transport. Notably, PorFN showed a red 
emission peak at 625 nm, but completely quenched blue 
emission, implying it could efficiently transfer excitation energy 
from the fluorene arms to the porphyrin core. As per cyclic 
voltammetry (CV) measurements, the unoccupied molecular 
orbital (LUMO) energy level of PorFN is -0.74 V vs the normal 
hydrogen electrode (NHE), which is suitable for HER (Fig. 23 b). 
PorFN exhibited a hydrogen evolution rate of 10.8 mmol h−1 g−1 
(≈TOF = 63 h−1) in simulated seawater (0.5 m NaCl, very close to 
the concentration of natural seawater) which was more than 50 

times greater than that in pure water under 1 sun of sunlight 
irradiation (AM 1.5G, 100 mW cm−2). The light-driven hydrogen 
evolution activity of PorFN is shown in Fig. 23 c-e. Interestingly, 
a donor (1,3,6,8-Tetrabromopyrene)-acceptor (3,8-
Dibromophenanthroline) copolymerized CMP has been 
demonstrated for hydrogen evolution from deionized water, 
municipal water, commercial mineral water, and simulated 
seawater (NaCl 3 wt %).322 In the best case, it showed a 
hydrogen evolution rate of 42 μmol h–1 (equal to 4200 μmol g–1 
h–1) with an AQE of 1.5 % under visible light irradiation (λ ≥ 400 
nm).

High-efficiency CMP photocatalysts can also be made from 
dibenzothiophene-S, S-dioxide-based building blocks due to 
their planar molecular structure and strong electron-
withdrawing ability.264, 323, 324  These photocatalyst features 
include a broad visible light adsorption ability, proper band gap, 
and efficient photogenerated electron and hole transport and 
separation capabilities. For example, Cooper et al. reported a 
family of photocatalysts produced from phenyl and 
dibenzothiophene-S, S-dioxide that showed a hydrogen 
evolution rate of 3.68 mmol h–1 g–1 with an AQE of 2.3 % at 420 
nm. 22 Liu et al. demonstrated CMPs from fluorene and 
dibenzothiophene-S, S-dioxide that showed a hydrogen 
evolution rate of 5.04 mmol h−1 g−1 with an AQE of 2.13 % at 420 
nm.323 Jiang et al reported CMPs made from dibenzothiophene-
S, S-dioxide and a phenyl cross-linker with an impressive a 
hydrogen evolution rate of 9200 μmol h–1 g–1 with an AQE of 
3.3% at 400 nm.324 Jiang et al showed that a short-length phenyl 
cross-linker is the key for an improved hydrogen evolution rate. 
Peng et al reported porphyrin-based CMPs that exhibited a 
photocatalytic H2 generation rate of 43 μmol h–1 with an AQE of 
7.36% at λ = 400 nm (monochromatic light).325

Fig. 24 a) synthesis routes for PyDOBT-1 and PyDOBT-2, and b) photocatalytic activities. Adopted with permission from326. American Chemical Society (2018).
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More recently, it has been demonstrated that CMPs built 
with a donor–acceptor module by using pyrene as donor and 
dibenzothiophene-S,S-dioxide as an acceptor could exhibit an 
attractive rate of hydrogen evolution of 12986 μmol h–1 g–1 
under the full-arc spectrum (>300 nm).326 Changing the 
substitution position of the dibenzothiophene-S,S-dioxide 
building block with pyrene linkers, two CMPs were synthesized, 
namely, thePyDOBT-1 photocatalyst with a 3,7-linking pattern 
that showed visible light activity with a HER rate of 8523 μmol 
h–1 g–1 compared to the 2,8-linked PyDOBT-2 (2650 μmol h–1 g–

1), Fig. 24. It was claimed that high hydrogen production with 
the 3, 7-linking pattern was because it could extend the 
conjugation degree and enhance the coplanarity of the polymer 
backbone, promoting photogenerated electron and hole 
migration along the polymer chain. Clearly, the linking pattern 
of the polymer skeleton plays a significant role in determining 
the photocatalytic performance of CMP photocatalysts. To 
date, the highest AQE for CMPs  was reported to be 13.2% at 
420 nm by Cooper et al.267 

It should be noticed that Pd-catalyzed cross-coupling 
reactions are the most celebrated technique for synthesizing 
carbon–carbon-linked porous polymers. However, it was 
argued that metal-catalyzed cross-coupling reactions are 
usually an expensive and unsustainable technique, and the 
resulted polymers are low in stability. Beyond the commonly 
used Pd-catalyzed cross-coupling reactions, therefore, 
development of a metal-free-catalyzed carbon–carbon 
crosscoupling method is deemed necessary. Zhang et al.,327 
recently, reported new types of olefin-bridged CMPs through 
the condensation of tricyanomesitylene with different linear or 
branched polyphenylenes using a metal-free-catalyzed carbon–
carbon coupling method. An organic base-catalyzed 
Knoevenagel reaction was adopted to avoid possible 
transition-metal contamination. The synthesis scheme, 
optoelectronic properties and photocatalytic activities are 
shown in Fig. 25 a-d, respectively. All of these CMPs showed 
hydrogen evolution activity under visible-light irradiation (λ > 
420 nm) with the following order: OB-POP-1 < OB-POP-2 < 
OB-POP-4 < OB-POP-3 with an AQE up to 2.0% at 420 nm.

Fig. 25 a) Synthetic process of olefin-bridged porous organic polymers (OB-POPs),  b) UV–vis diffuse reflectance spectra (DRS) and photographs (inset) of 
prepared OB-POP-1–4,  c) OMO and LUMO band position of the polymers, and    d) wavelength-specific AQE on H2 evolution using Pt-modified OB-POP-3. 
Adopted with permission from. 327 Wiley-VCH (2017).

CMPs are highly promising photocatalysts. To Achieve 
further improvement in the photocatalytic efficiency requires 
more research regarding these materials. In particular, we do 
not yet understand the complex interplay between optical gap, 
charge mobility, excited state lifetime, and other properties 
such as particle size, porosity, and surface hydrophilicity. This is 
compounded by the fact that there are relatively few 

mechanistic studies for these materials, and it is often unclear 
whether these polymers act as light absorbers, as catalysts, or 
as both. Most CMPs are rather hydrophobic and even float on 
water. How protons reach and are reduced on the CMP surface 
is not yet understood.  The surface polarity of CMPs also needs 
to be considered.

10.4Covalent phosphinine framework (CPF)
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Hypothetically, incorporating non-metal heteroatoms (i.e. S, N, 
Si, P, etc.) into countless number of organic building blocks 
offers the possibility to fabricate numerous type of covalent 
organic frameworks with tailored optoelectronic properties. For 
example, covalent triazine-based frameworks (CTFs) and silicate 
organic frameworks (SiCOFs) are notable examples that 
incorporate S, N and Si.256, 262 Recently, P has been incorporated 
to develop a new kind of organic framework and termed a 
Covalent Phosphinine Framework (CPF).261 A phosphinine 
(C5P)328 ring as the principle building block with the Pd-catalyzed 
Suzuki–Miyaura coupling reaction route has been used to 
design a π-conjugated CPF (See Fig. 26 a).261 C5P contains either 
λ3-phosphinine (a trivalent phosphorus atom with a 
coordination number of 2) and λ5-phosphinine (a pentavalent 
phosphorus atom with a coordination number of 4). 
λ3-phosphinine showed electrophilic attack or nucleophilic 
attack preferentially at the P atom.329 In contrast, 
λ5-phosphinine is more stable because of the absence of 
phosphorus lone pairs. However, λ5-phosphinine is susceptible 
to strong acids or bases that may attack the P atom during 
polymerization.330 Selection of appropriate phosphinine-based 
monomers and polymerization routes are of the utmost 
importance for yielding P-containing π-conjugated frameworks.

Electronically, λ5-Phosphinine is flexible enough to lose an 
electron and be oxidized to a radical cation at a lower oxidation 
potential than the λ3-phosphinine.331 CPF exhibited an 
absorption edge at around 620 nm, which is equivalent to a 
direct optical band gap of 2.19 eV and an indirect optical band 
gap of 1.64 eV (See Fig. 26 b, c). CPF was employed as a 
photocatalyst for hydrogen evolution under visible light 
(wavelength 380–780 nm) with triethanolamine as the 
sacrificial agent and 3 wt % Pt co-catalyst. It showed a hydrogen 
evolution rate of 29.3 μmol h−1 g−1 under UV and visible light 
(300–2500 nm). 261

Fig. 26 a) Suzuki–Miyaura coupling polymerization route to CPF, b) Solid-state 
UV/Vis diffuse reflectance spectrum of CPF, and c) Kubelka-Munk plot for 

band gap determination. Adopted with permission from. 261 Wiley-VCH 
(2019).

10.5Linear conjugated polymers (LCPs)
Linear conjugated organic polymers are relatively less studied 
for light-driven water splitting. In contrast to CMPs, we here 
consider linear polymers that show no microporosity.

Cooper et al. reported a series of LCP is based on phenylene 
oligomers (SM1–SM5) and poly(p-phenylene)s (P1K, P1S) and 
their planarized fluorene-type analogs ((FSM1–FSM3, P2–
P7).264 Unlike amorphous CP-CMPs, all of these LCPs were found 
semi-crystalline. These LCPs showed an increasing hydrogen 
evolution rate with the decreasing optical gap. The FSM-type 
analogs exhibited a red-shift in optical absorption, and 
therefore a higher rate of hydrogen evolution than that of 
phenylene oligomers (SM1–SM5) and poly(p-phenylene)s (P1K, 
P1S). The ionization potentials for the fluorene oligomers are 
always more negative than those of the equivalent phenylene. 
Moreover, extended conjugation of phenylene oligomers 
(SM1–SM5) and poly(p-phenylene)s (P1K, P1S) with flourene  
offers several advantages. For example, it lowers the 
phenylene-phenylene torsion angle and increases rigidity, 
shows a higher degree of conjugation, decreases the Coulomb 
binding energy for dissociating electron-hole pairs and hence 
increases exciton dissociation yields, and increases charge 
carrier mobility.332, 333 The low photocatalytic activity of these 
LCPs were attempted to be overcome by deploying co-
polymerisation strategies. Because, copolymerization leads to 
an optimum trade-off between various properties under a 
specific set of catalytic conditions.334 

Copolymerization was effective previously for CTFs and 
CMPs etc. Most notably, isostructural CTFs with 1,4-phenylene-
linkers of different lengths resulted in higher hydrogen 
evolution activity than pristine CTFs.301 The hydrogen evolution 
activity of CMPs based on 1,2,4,5-connected benzene and 
1,3,6,8-pyrene cores was enhance by linking with 1,4-connected 
phenylene linkers upon changing the phenylene fraction.263  
Based on these previous successes, the effect of co-
polymerisation on the hydrogen evolution activity for 
structurally well-defined linear ordered co-polymers of 2,5-
phenylene and 2,5-thiophene building blocks (Fig. 27) was 
studied recently.335 Although phenylene homo-polymers as 
photocatalysts have been used since the mid-1980s,253 
polythiophene was a recent addition to the photocatalyst 
family.336 Interestingly, all of the co-polymers were more active 
than the two homopolymers, and a maximum hydrogen 
evolution was observed for a co-polymer with 33 mol% 
thiophene content. DFT calculations revealed that the 
potentials of the free charge carriers and excitons in the 
different co-polymers increased while the driving force for the 
reduction of protons to hydrogen and the oxidation of sacrificial 
electron donors (or water) decreased significantly with 
increased thiophene content. 301
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Fig. 27 (a) Structures of the polymer photocatalysts; (b) photographs of P1, 
P11–P17 in THF suspension; (c) UV-vis reflectance spectra of P1, and P11–P17 
in the solid-state; (d) photocatalytic hydrogen evolution of P1, and P11–P17. 
Adopted with permission from. 301 Royal Society of Chemistry (2018).

Incorporating nitrogen heteroatoms in those LCPs also 
resulted in a better control over the driving forces for redox 
reactions. Consequently, LCPs exhibited a significantly 
increased photocatalytic performance with an AQE of 6.7% at 
420 nm.337 In contrast to electron-poor heteroatoms (i.e. 
nitrogen), incorporation of electron-rich heteroatom 
monomers shows a decrease in the photocatalytic 
performance. Electron-rich monomer led to a red-shift in the 
optical gap, however, the associated reduction in driving force 
for sacrificial electron donor oxidation counteracts the potential 
gains in photocatalytic activity. Recently, a new series of LCPs 
exhibited hydrogen evolution with external quantum 
efficiencies between 0.4 and 11.6%.289 This study also 
investigated the influence of solvent. It was suggested that the 
localization of water around the polymer chain is crucial, and 
concluded that the polar solvent led to the production of long-
lived electrons in these amphiphilic polymers for improved 
hydrogen evolution.

π-conjugated polymer nanostructures (CPNs) have emerged 
as a new class of photocatalysts.116-118 Polypyrrole 
nanostructures (PPy NSs) modified with mono- and bimetallic 
nanoparticles of  Pt, Ni, NiO  exhibited photocatalytic hydrogen 
evolution.118 Photocatalytic activity of PPy NSs was shown 
sensitive to the metal loading. For example, 0.2%Pt-PPy-NSs 
resulted in superior activity. Modification with nickel-based 
nanoparticles (5%Ni-PPy-NSs) forms heterojunction for 
enhanced the photocatalytic performance. However, Ni 
leaching led to a degraded the photocatalytic activity with time. 
Poly(3,4-ethylenedioxythiophene) (PEDOT) is a promising CPN. 
It has a bandgap of 1.69 eV and was demonstrated for 
photocatalytic water treatment without the assistance of 
sacrificial reagents or noble metal co-catalysts.117 These results 
are very impressive to explore its potential for photocatalytic 
hydrogen production from water.

10.6Conjugated Polymer Dots (CPDs)
Polymer dots (Pdots) are derivatives of polymeric micelles with 
size in the range of 1–100 nm. Pdots have attracted significant 
attention because of its facile synthetic methods, tunable 

optical gaps, tunable particle size and surface hydrophilicity, 
relatively long excited state lifetimes etc. In particular, Pdots, 
owing to their large π-conjugated structures with overlapping 
p-orbital clouds, facilitate the free movement of electrons 
within the polymer backbone through tunnelling, hopping, or 
other related mechanisms. 338, 339 These attributes are desirable 
for a photocatalyst. Nanoprecipitation, mini-emulsion and 
self-assembly are the frequently used methods to prepare 
Pdots. The nanoprecipitation method uses miscible organic 
solvents, whereas mini-emulsion method employs immiscible 
organic solvents. Notably, the physical size of Pdots depends on 
the methods used to prepare them.339 

Compared with traditional organic small molecules, 
semiconductor quantum dots and inorganic nanomaterials, 
Pdots exhibit a higher extinction coefficient, better 
photostability and chemical stability.340 Additionally, Pdots 
often have different reactive functional groups on their surface 
that can provide a platform to construct multifunctional and 
hybrid nanomaterials when conjugated with different chemical 
and biological molecules.341 Importantly, compared with 
inorganic nanoparticles of heavy metals and semiconductors, 
the Pdots are biocompatible because of hydrophobic 
π-conjugate backbone and amphiphilic polymer matrixes, and 
therefore Pdots are not toxic like heavy metals.341, 342 Pdots are 
being widely used in imaging, as chemical sensors and in 
phototherapy. 343, 344 They are now also being used as a 
photocatalyst to produce hydrogen. 345-348

Fig. 28 Synthesis route for PFBT Pdots, and hypothetical diagram for hydrogen 
evolution reaction. Adopted with permission from. 347 Wiley-VCH (2016).

Inspired by the beneficial properties, Tian et al. reported 
water-soluble Pdots based on the conjugated polymer PFBT 
(Fig. 28) for photocatalytic hydrogen generation that showed a 
hydrogen generation rate of 8.3±0.2 mmol h−1 g−1  at λ>420 nm 
with an AQE of 0.5 % at 445 nm.347 One interesting aspect about 
PFBT Pdots is their resistance to evolved oxygen. Oxygen is an 
inevitable byproduct in water splitting that may act as an 
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inhibitor to proton reduction reactions.349 Therefore, an 
oxygen-resistant catalyst is the key for sustainable hydrogen 
production. 

Following the reports of PFBT Pdots, a few other Pdots have 
been recently reported for photocatalytic hydrogen evolution. 
345, 346, 348 Although, there is not much progress noticed in terms 
of quantum yield of hydrogen, Pdots are an important inclusion 
in the family of metal-free photocatalyst with much promise. 
One common feature of all of these reported Pdots are their 
effective extended absorption edge beyond 500 nm. This is 
highly desirable for harvesting low energy photons. Some Pdots 
are even active in harvesting photons up to 700 nm, 110 and can 
produce hydrogen in the absence of any organic solvent or co-
catalyst.345, 348 Below is the state of the art progress related to 
Pdots as a hydrogen evolution photocatalyst (Table 2).

Table 2. Activity of recently reported polymer dots (Pdots) for 
sacrificial hydrogen evolution under visible light irradiation.

Pdots HER (mmol g-1h-1)
at >420 nm

AQE (%) Ref.

Hyperbranched 0.84 0.9 at 500 nm 345

Cycloplatinized 12.7 0.4 at 515 nm 346

PFBT 8.3 0.5 at 445 nm 347

PFODTBT 50.0 0.6 at 550 nm 348

10.7Organic heterojunction photocatalysts
Efficient charge separation and suppression of charge carriers 
are the rate determining fundamental steps for high efficiency 
hydrogen production. In fact, hydrogen evolution is 
proportional to the number of free electrons available in 
reaction sites.33, 168 Among many other strategies to enhance 
the hydrogen evolution in a photocatalyst, efficient charge 
separation and transport is the most recommended one 
regardless of the material (i.e. crystallinity, optical, electronic 
properties etc.) and chemical aspects (i.e. inorganic, organic, 
diffusion, mass transport etc.) of the photocatalyst. 169, 190 

A photocatalyst can sometimes suffer from a high 
recombination rate and poor charge separation. This problem 
can be overcome to a large extent by connecting two or more 
appropriate materials in the form of a heterojunction. Because 
of the band-offsets between two heterogeneous materials, it 
provides space for delocalization of photogenerated electrons 
and holes, thus avoiding recombination. Therefore, 
heterojunctions are the most frequently used technique to 
boost photocatalytic performance.33 However, only a few 
polymeric heterojunctions beyond carbon nitride have been 
reported thus far.350. Here, we discuss polymer heterojunctions 
beyond carbon nitride.

Bojdys et al. reported the twinned growth of a 2D/3D van 
der Waals (vdW) heterostructure on a copper substrate by 
combining a sp2 hybridized and crystalline 2D covalent 
triazine-based framework (TzF) with a sp2–sp hybridized and 
amorphous 3D triazine-based graphdiyene (TzG), Fig. 29 a. This 
2D/3D vdW heterostructure features promising structural 
motifs, such as open, porous structure and an intriguing donor–
acceptor (D–A) motif having electron rich buta-1, 3-diyene (D) 

and electron poor triazines (A). These are interesting properties 
for photocatalytic water splitting, and open opportunities to 
fabricate conjugated heterostructure by incorporating different 
graphdiyne, a new two-dimensional (2D) carbon with unique 
sp–sp2 carbon atoms, uniform pores, and highly pi-conjugated 
structure.351-354 This mixed dimensional heterostructure 
evolved hydrogen at a rate of 34 µmol h−1 g−1 without a noble 
metal cocatalyst.256 Despite a low hydrogen evolution rate, 
Bojdys et al. demonstrated a wet chemical approach in 
preparation of this 2D/3D vdW heterostructure in contrast to 
commonly used techniques, such as chemical (CVD) and 
physical vapor deposition (PVD) processes for preparation of 2D 
materials and their heterostructures. 

However, CVD and PVD have synthetic limits that includes 
uncontrolled nucleation events that limit the homogeneity and 
size of the crystalline domains of the obtained materials. More 
importantly, vapor deposition techniques are incompatible with 
a majority of organic synthetic molecules. It is also difficult to 
predict bonding patterns for speculated materials, which may 
require complex postsynthetic treatment to obtain the desired 
materials. 355

Fig. 29 a) Plot of orbital coefficients for the frontier orbitals of 3D TzG (left) 
and 2D TzF (right) as derived from DFT calculations. The relative locations of 
HOMO and LUMO for the TzF/TzG heterojunction (type I) are shown in the 
center with the redox potential of water indicated at pH 0 and 7. Adopted 
with permission from.256 Wiley-VCH (2017). b) Sequential polymerization 
strategy toward covalently connected CTF-BT/Th. Adopted with permission 
from. 302 Wiley-VCH (2019).

  Very recently, Li et al. reported a molecular 
heterostructure created via  incorporation of benzothiadiazole 
(BT) and thiophene (Th) functionalities into a CTF as 
electron-withdrawing and electron-donating units, 
respectively, by the sequential polymerization of their nitrile 
precursors, Fig. 29 b.302 Because of efficient 
charge-carrier-separation, it exhibited a hydrogen production 
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rate of 6600 μmol h−1 g−1 with an AQE of 7.3 % at 420 nm. This 
represents remarkable hydrogen evolution among the 
triazine-based polymer photocatalysts.

There are a large number of polymer photocatalysts that 
exist. Among the large pool of materials, researchers need to 
develop synthesis routes for creating more heterojunction 
photocatalysts.

10.8Overall water-splitting with organic photocatalysts
Releasing hydrogen from water involves two simultaneous 
reactions, namely oxidation and reduction reactions. Research 
has pretty much progressed in realizing one of these two 
reactions while supressing the other in the presence of 
appropriate sacrificial agents. However, there are very few 
successes in accommodating both of these reactions in fulfilling 
the ultimate target of overall water-splitting into its 
constituents, hydrogen and oxygen.356 Unfortunately, progress 
in overall water-splitting is rather insignificant, particularly, on 
polymeric based photocatalysts. The most challenging part of 
realizing direct water-splitting is the four-electron pathway 
involved in water-oxidation.
Xu et al. demonstrated overall water-splitting on  CMPs 
nanosheets prepared by oxidative coupling of 
1,3,5-tris-(4-ethynylphenyl)-benzene (TEPB) and 

1,3,5-triethynylbenzene (TEB). These photocatalysts exhibited 
photocatalytic splitting of pure water (pH ≈ 7) into 
stoichiometric amounts of H2 and O2 with an AQE of 10.3% for 
TEPB and 7.6% for TEB at 420 nm, Fig. 30. The solar-to-hydrogen 
(STH) conversion efficiency of PTEPB and PTEB were 0.60% and 
0.31%, respectively using the full solar spectrum. They also 
demonstrated a Z-scheme systems for overall water splitting 
using van der Waals heterostructures formed between 
nanosheets of aza-fused CMP and C2N with a STH value of 
0.23 % which was further increased to 0.40 % using reduced 
graphene oxide as the solid electron mediator.357 The success 
behind this lies in the efficient charge separation and transport 
of photogenerated excitons by virtue of band alignment via 
heterostructuring.

Among the metal-free photocatalysts, the best STH value 
(~2 %) in overall water-splitting under visible light was reported 
for metal-free CDots/C3N4.223 In contrast to the four-electron 
pathway, however, the overall water-splitting on CDots/C3N4 
proceeded via a stepwise two-electron/two-electron process, in 
which H2O oxidized into H2O2 was the first step followed by 
dissociation of H2O2 into H2 and O2 in the second step.

Fig. 30 Synthesis and overall water-splitting on a) PTEPB and b) PTEB. Adopted with permission from.358 Wiley-VCH (2017).

10.9Role of Pd in proton reduction reactions in polymeric 
photocatalysts

Linear and cross-linked conjugated polymer photocatalysts 
exhibited H2 evolution under visible light irradiation without any 
added co-catalyst at a rate comparable to that of graphitic 
carbon nitride with added Pt cocatalyst.263 These polymer 
photocatalysts are therefore attractive for cost-effective 
hydrogen production.  However, a relatively unexplored feature 
of these linear and cross-linked conjugated polymers is the 
presence of residual Pd originating from their synthesis via Pd 
catalyzed polycondensation reactions, which could work as a 
built-in cocatalyst. 263, 266, 317, 359    

Recent studies reported that the Pd catalysts used in these 
reactions could turn into particles via aggregation and 
subsequent Ostwald ripening.  Metallic Pd0 cannot be removed 
completely from the polymer matrix using classical purification 
techniques.360-362 It is well-known that similar to Pt0, Pd0 is a 
highly active proton reduction electrocatalyst.363, 364 Expectedly, 
the dispersed residual Pd within these polymer structures plays 
a significant role in H2 evolution. However, there are conflicting 
views in the literature in this regard. There are studies where it 
has been shown that there is no correlation between Pd 
concentration and the hydrogen evolution reaction rate for a 
range of CMPs, 21 and in a series of LCPs containing the 
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2,1,3-benzothiadiazole (BT) unit.348 In those exemplary cases, it 
was concluded that it was not residual Pd but H-bonding from 
water to the N atoms on this unit that facilitated the proton 
reduction reaction. In contrast, a dependency of HER rate on Pd 
content was observed in COFs. 24 However, it was argued that 
varying the Pd catalyst loadings might alter the network's 
microstructure of the polymer due to a different degree of 
polymerization. An unambiguous conclusion was not possible to 
make whether these structural changes or the residual Pd had 
affected the HER rate. An added problem is that the reduction 
of Pd mass concentration below 400 ppm (0.04 wt.%) in the 
cross-linked structure of the polymer is difficult. Therefore, it 
remains a mystery whether these conjugated polymers could 
drive the HER without Pd or if Pd is the driving force behind 
accelerated HER rates.365 

In a more recent study on Pd catalyzed 
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) systems, 
it was concluded that Pd was essential for any observable H2 
evolution.366  Based on transient absorption spectroscopy (TAS) 
experiments, it showed that electron transfer to protons in the 
aqueous phase was impeded as the Pd content was reduced. 
Eventually, it was reported that very low Pd concentrations (<40 

ppm) were sufficient to enhance the hydrogen evolution 
reaction which increases linearly with increasing Pd 
concentration from <1 ppm to approximately 100 ppm, after 
which the rate begins to saturate.

Despite these studies, more intense investigations need to 
be carried out to clearly answer the question regarding whether 
conjugated polymer systems are intrinsically able to drive 
photocatalytic H2 production or whether they require a 
co-catalyst, i.e., Pd to drive the proton reduction reaction.

10.10 Screening and developing high-throughput and high 
efficiency polymer photocatalysts

Arguably, hydrogen production through photoreduction of 
water on polymer photocatalysts can be traced back to 1990.253, 

367, 368 Since then quite a few polymeric photocatalysts have 
been developed for solar hydrogen production. We are yet to 
find a conjugate polymer photocatalyst with comparable 
performance to that of inorganic counter parts.  However, the 
reported photocatalysts are only a tiny fraction out of the 
possible chemical space for polymer photocatalysts. Given the 
available large pool of monomers, reaction pathways, and 
reaction conditions, the number of possible photocatalysts 
seems literally infinite. 
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Fig. 31 a) Conceptual frameworks. b) Workflow for high-throughput synthesis and property screening of the conjugated polymer library. C) Prediction and 
comparison of optoelectronic properties for hydrogen evolution. Adopted with permission from. 269 American Chemical Society (2019).

It makes us optimistic that by a careful combination of these 
variables, we may find highly efficient organic photocatalysts. 
High-throughput screening of many diverse co-polymers, 
reduce the near impossible task of sorting out the suitable 
polymers from an appropriate combination and permutation of 
variables, however, artificial intelligence could be involved in a 
similar way to assist in sorting out the expected data from 
existing data banks. Recently, an integrated computational and 
experimental high-throughput approach for the screening of 
linear polymers as hydrogen evolution photocatalysts has been 
reported.269 This integrated system was based on significant 
methodological development in computation, robotics, and 
automation, see Fig. 31.

This approach was exploited to rapidly sample chemical 
space and to identify high-activity photocatalysts for hydrogen 
evolution. Incredibly, a library of 706 candidate dibromo 
monomers and 9 diboronic acid/acid esters (6354 candidate co-
polymers in total) was screened computationally, which 
explored structure–property relationships for families of closely 
related structures. Out of 6354 candidate co-polymers, more 
than 170 co-polymers were prepared and tested experimentally 
under photocatalytic conditions. A machine-learning model was 
used to predict and compare the HER, and correlate the HER 
with individual electronic properties of the polymer and how 
well it disperses in the reaction mixture.  
Significantly, this data-driven approach will facilitate the 
development of the best-performing polymer photocatalysts in the 
future.
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11.Limiting factors to the enhance quantum 
efficiency of hydrogen evolution

Three key dynamic processes, i.e., photophysical, 
photochemical and electrochemical processes need to be 
optimized for enhanced water-splitting. 

A mechanistic understanding of how optical excitation 
contributes to the photogeneration of charge carriers is 
necessary for harvesting photons, and limiting the 
photogeneration at recombination active sites. There is clearly 
a lack of substantial systematic research endeavors for 
understanding this for the case of metal-free photocatalysts. In 
this regard, research therefore needs to focus on the analysis of 
the internal quantum efficiency as a function of photon energy 
to determine (i) the Coulombic binding and separation of the 
electron–hole pairs, (ii) the value of the band gap energy, and 
(iii) what fraction of photo-excitations can fully be separated for 
a given photon energy. Transient absorption spectroscopy and 
Finite Difference Time Domain (FDTD) Simulations would be 
useful tools to investigate these phenomena.189

11.1Improving charge transport
Light induced photodecomposition of water into H2 and O2 
molecules relies on the separation of excited state electron-
hole pairs and the subsequent transfer of charge carrier to the 
relevant redox couples. The typical excited state lifetimes are in 
the range of 1–100 ps).369 Unless separated within this time 
frame, the excited state electron-hole pairs undergo 
recombination with the release of captured light energy as heat 
or emission of a photon. It is therefore required that electron 
should be scavenged before the absorption of subsequent 
photons to sustain a multi-electron photo-redox reaction. 
Otherwise, the extraction of charges becomes more difficult, 
and imposes a limit to photocatalytic efficiency. 

Most of the metal-free photocatalysts are low mobility 
materials, in which the kinetics of non-geminate recombination 
is strongly linked to the motion of charges. Additionally, these 
materials possess a significant disorder that could lead to 
unavoidable thermalization of photogenerated carriers in the 
heterogeneously broadened density of state distribution. 
Despite its general importance, knowledge about the kinetics of 
non-geminate recombination is not yet understood 
comprehensively. Researchers may employ time delayed 
collection field (TDCF) experiments to study the recombination 
of photogenerated charge on these materials.

Whether the recombination is dominant over the extraction 
or vice versa depends on a complex interplay among the effects 
of film thickness, charge transport, recombination strength and 
light intensity. A complete and systematic understanding of the 
interplay of all these factors will translate into significant 
improvements in the power-conversion efficiency. However, 
such understanding is still lacking. Detailed knowledge of the 
competition between charge extraction and recombination 
should be sought through combined time-resolved 
photoluminescence (TRPL), transient absorption (TAS), surface 
photo-voltage spectroscopy, and optical pump terahertz-probe 
spectroscopy experiments.

It is also recommended that research be extended to 
understand multi-photon/electron processes that involved binding 
singlet fission (SF) 370 and triplet–triplet annihilation (TTA-UC) 371 
molecules. These SF and TTA-UC processes can act as a charge 
separation interface. With SF and TTA-UC, a theoretical solar 
conversion efficiency can be increased from 33% to 48%.372, 373

11.2Understanding of sub-particle reaction mechanisms
Traditional approaches overlook inherent differences between 
the individual particles that make up a bulk material. It is to be 
noted that solid catalytic materials, even seemingly perfect 
crystals, contain atomic-scale imperfections at surfaces at 
which the reactions occur.374 Therefore, understanding of sub-
particle reaction mechanisms is necessary for probing the 
nanoscale electrochemical efficiency and redox reactivity of 
photocatalysts. We therefore need a method of ‘filming’ single 
catalytic events in real time on a solid crystal, allowing catalytic 
activity to be mapped over its whole surface.375 This can be 
accomplished by using high-resolution fluorescence microscopy 
to observe a catalytic crystal at work in liquid-phase reactions. 
374 This approach will enable monitoring of single catalytic 
events in real time by observing a ‘reporter’ molecule that 
becomes fluorescent only after catalytic action, and this may 
thus beautifully map the spatial distribution of active sites over 
a single catalytic crystal. 

By doing so, it will also be able to analyse the number of 
electrons that could be withdrawn from the photocatalyst as 
different parts of it will be selectively illuminated. From these 
measurements, it will be able to deduce the efficiency with 
which an absorbed photon at a certain location gives rise to 
redox reactions or to an unwanted electron–hole 
recombination.

11.3Rational engineering of catalyst-cocatalyst duo for improved 
operation 

Minimizing the amount of photocatalyst and co-catalyst is 
essential not only to reduce costs, but also because co-catalysts 
compete for photons by scattering or absorbing them.376 It 
should be achieved by identifying the oxidation and reduction 
hotspots to selectively deposit the oxygen/hydrogen evolution 
cocatalysts at hotspots or at regions with intrinsically low 
activity. These regions are currently not well-understood by 
researchers. The mapping of the locations of single oxidation 
and reduction reactions at the catalyst surface with nanometre-
scale precision by using fluorogenic reactants may provide 
useful information.377

11.4Improving electrocatalytic performance of a photocatalyst
The final step in water-splitting involves electrocatalytic 
reduction of proton and oxidation of water. Therefore, a 
photocatalyst should be endowed with electrocatalyst-like 
properties too. Enhanced HER and OER thus require the 
improvement of the electrocatalytic properties of a metal-free 
photocatalyst in terms of activity, selectivity, and durability to 
be comparable and compatible with that of high efficiency 
metal counterparts. The rational design of catalysts should be 
followed by in-depth understanding of the electrocatalytic 
reaction mechanisms involved at the molecular level through 

Page 33 of 45 Chemical Society Reviews



ARTICLE Journal Name

34 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

fundamental and theoretical studies of model catalysts using in-
situ, ex-situ and operando techniques. 

The electrocatalytic performance of a photocatalyst toward 
specific reactions is described through measuring current 
density (j0), overpotential (η), Tafel slope and so on. For 
example, the magnitude of j0 is indicative of the intrinsic charge 

transfer rate between an OER electrocatalyst and the reactant 
intermediates. The Tafel slope evaluates the relationship 
between j and η, as such a smaller Tafel slope means a faster 
reaction rate constant (i.e., a faster increase in j with a smaller 
change in η).

Fig. 32 a) Atomic configurations of three dual-doped graphene. b) The three-state free energy diagram for the pure, single- and dual-doped graphene models. 
c) polarization curves. d) Tafel slopes. e) exchange current. f)  volcano plots. Adopted with permission from. 378 Nature Publishing group (2016).

  In particular, of the change in η required to produce a j of 
10 mA cm–2 is a commonly used parameter for comparing the 
performance of various electrocatalysts. 363 The geometry of 
the catalyst, its chemical composition and its electronic 
structure govern a specific reaction process.379 Toward this end, 
DFT would be an essential tool for defining the adsorption 
energies, reaction thermodynamics and activation barriers, as 
well as accurate identification of the active sites on the surfaces 
of solid catalysts. 363 Unravelling the origin of reactivity should 
comprehensively be related to the experimentally measured 
specific reaction rate descriptors, for example, exchange 
current (i0) and turnover frequency, and the resultant activity 
trend (that is, volcano plot).  Combined theoretical and 
experimental studies are therefore necessary to establish a 
qualitative argument with defined quantitative data to tune the 
materials to achieve the best catalytic activities.363, 379 

One of the most commonly used techniques is doping 
heteroatoms to tune the electro-chemical properties of the 
catalyst with tailored electronic properties and  surface 
chemistry. Doping induces charge redistribution around the 
dopants and enhances the charge transfer process via a 
synergistic coupling effect. For example, it has been shown that 
heteroatom doped (e.g., N and S) graphene nanostructures can 
efficiently adjust the electron-donor properties and 
electrocatalytic activity of neighbouring C atoms that lead to a 

downshift in the valence bands of active C atoms. Heteroatom 
doping enhances favourable H* adsorption–desorption ability 
from graphene. As a result, dual-dopant doped graphene 
exhibits enhanced HER activity with a low onset potential and 
high exchange current, Fig 32.378

Forming heterostructure/hybrid-structure between two 
heterogeneous materials is another widely practiced strategy to 
deal with charge transfer for achieving better electrocatalytic 
performance. For example, a hybrid structure of g-C3N4 and CNT 
was shown to exhibit improved electrochemical OER activities 
compared with the IrO2 benchmark electrocatalyst.380 
Electrostatic interactions and π–π stacking of exfoliated g-C3N4 
nanosheets and carbon structures were shown to cause positive 
charge density on the nearby sp2-hybridized C atoms that 
favoured the adsorption of OH–, facilitated the electron 
transport between the reaction intermediates and catalyst 
surface, and consequently improved the electrochemical OER. 
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Fig. 33 a) N K-edge NEXAFS spectrum of g-C3N4 and C3N4@NG. b) Interfacial 
electron transfer in C3N4@NG. c) Simulated free-energy diagram at 
equilibrium potential. d) Comparison of HER activities. Adopted with 
permission from ref. 381 Nature Publishing Group (2014).

The overall reaction kinetics of the HER are largely 
determined by the Gibbs free energy of hydrogen adsorption, 
ΔGH*. Hydrogen adsorption is too weak if ΔGH* > 0, while it is too 
strong if ΔGH* < 0.382  Both of these extreme cases may result in 
a poor apparent HER activity. Therefore, to make a trade-off 
between these values, a volcano shaped plot was developed by 
correlating the experimentally measured j0 and the computed 
ΔGH*.363 Such a relationship is beneficial in demonstrating the 
trend of HER activities. Recently, taking into account the 
excessive affinity of g- C3N4 nanosheets to adsorption of H* and 
very weak H* adsorption of N-doped graphene, a hybrid 
structure between g-C3N4 and N-doped graphene was 
demonstrated for better hydrogen evolution that is comparable 
to a commercial Pt/C catalyst. 381  The synergetic action 
between g-C3N4 and N-doped graphene induced moderate 
adsorption–desorption behavior of hydrogen on the surface of 
the hybrid that resulted in overall improved hydrogen evolution 
kinetics, Fig. 33.

12.Scaling up photocatalytic system for large-
scale implementation

The hydrogen based economy will only become a reality if it can 
be produced at scale. Globally, countries will only transition 
their economies to hydrogen if the volumes of hydrogen 
needed to do so are achievable, available and, in the long term, 
at price parity with other forms of fuel. Therefore, getting to 
scale will be a major endeavour.

The United States Department of Energy set a goal of 
achieving a cost of 2.00–4.00 USD kg–1 H2 by 2020 at daily AM 
1.5G irradiation for 7.6 h (corresponding to 240 W m–2). The 
associated constraints are a photocatalytic reaction system with 
an STH of 10%, a lifetime of 10 years, an annual depreciation 
rate of 4%, and an allowable cost of 102 USD m–2. 383-385 

We therefore have to focus on improving the intrinsic 
factors of a photocatalyst (i.e., extending the spectral range of 
visible light absorption, enhancing photogenerated charge 
separation and transport, and facilitating the hydrogen and 
oxygen production reactions, stability etc.) to meet the external 
requirements (AQE, STH, modular level implementation etc.)

12.1Performing reliable photocatalytic test and accurate 
reporting of hydrogen evolution and AQE

For reproducibility and benchmarking, reliable reporting of 
hydrogen production rate and apparent quantum yield is highly 
important. We recommend using AQE and/or STH values at 
specific wavelengths rather than gas evolution rates to compare 
the photocatalysts. Because gas evolution varies depending on 
the experimental conditions used. The gas evolution rates 
should be used to find the H2/O2 molar ratios to determine 
whether the process is an overall water-splitting or sacrificial 
reaction. 

In the authors’ opinion, reporting the hydrogen evolution 
rate per gram of catalyst used (i.e. molh-1g-1) is misleading to 
justify the photonic efficiency of a given photocatalyst. Because, 
up to a certain limit, the hydrogen evolution rate might be 
proportional to a linear increase of the amount of 
photocatalyst. However, light absorption becomes saturated 
after an optimal amount of photocatalyst, Fig. 34.386 Therefore, 
it is recommended to report the optimal rate of hydrogen 
evolution (i.e. molh-1) independent of the amount of 
photocatalyst used.12, 386-388 The hydrogen evolution rate needs 
to be checked by varying the amount of photocatalyst to find 
out the optimal amount of photocatalyst. 

A report of hydrogen production rate and apparent 
quantum yield should be accompanied with the type of reactor 
used (internal or external irradiation photocatalytic reactors), 
intensity of light source, wavelength of light, mass of the 
photocatalyst, and absence/presence of sacrificial agents and 
cocatalyst(s). A photocatalyst suspended in an internal 
irradiation type reactor usually gives greater gas evolution rates 
than an external type because of the close proximity to the light 
source. However, light-intensity distribution and irradiation 
area are irregular in an internal type reactor. Therefore, precise 
determination of the wavelength dependent hydrogen 
evolution and AQE is difficult. The external irradiation type 
reactor is better suited in this case. Care must be taken to 
ensure that the reactor is perfectly sealed or the reaction is 
performed under vacuum or under a flow of inert gas to avoid 
the intrusion of ambient air to avoid incorrect estimation of the 
evolved gases. It is typically done by degassing the reaction 
solution completely through inert gas flow. At the same time, 
the gas chromatograph must be carefully calibrated using 
standard gases to quantify the amount of evolved gas. If N2 is 
detected in the gas chromatograph, it is an indication that the 
reaction solution was intruded by ambient air or inadequate 
removal of dissolved air.  N2 detection in the case of (oxy)nitride 
photocatalysts represent the self-oxidation of the 
photocatalyst. For either cases, N2 evolution is not welcome in 
water-splitting reactions.
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Fig. 34 Influence of amount of photocatalyst on the rate of gas evolution. 
Adopted with permission from. 386 American Chemical Society (2017). 

To confirm that hydrogen/oxygen are evolved solely 
through photocatalytic reactions, it is recommended to test if 
the (i) catalytic reactions proceed in the dark, (ii) if evolved 
amounts of gases increase linearly with the irradiation time, and 
(iii) turnover number is greater than the quantity of hydrogen 
present within the catalyst. In overall water splitting, H2 and O2 

should be evolved with a stoichiometric ratio of 2 : 1 during the 
whole course of the catalytic reaction or past the induction 
period of some of the photocatalysts under light irradiation. In 
sacrificial hydrogen production, evolved hydrogen must be 
greater in quantity than the molar quantity of hydrogen (if any) 
present in the chemical structure of the photocatalyst. 
Otherwise, it represents the self-decomposition of the 
photocatalyst with or without proton reduction. In sacrificial 
oxygen evolution, it is recommended to use the oxygen isotope 
(i.e., 18O-labelled water, for example) to confirm that oxygen is 
evolved solely through water oxidation and not from other 
oxygen-containing sources. 

There is some confusion regarding the reporting of AQE or 
STH. In sacrificial hydrogen evolution, for example, AQE should 
represent the efficiency of the hydrogen evolution 
photocatalyst. However, STH values should report the measure 
of the efficiency of overall water-splitting. It is because the 
calculation of STH requires use of the value of the Gibb’s free 
energy as one of the parameters. Gibb’s free energy represents 
the amount of energy required to decompose the H2O into H2 
and O2 in a stoichiometric ratio. It means that if O2 is not 
generated as the product of H2O oxidation, which is true for 
sacrificial hydrogen evolution, the Gibb’s free energy should not 
be used. In the calculation of the Gibb’s free energy, the 
reaction temperature and pressure should be taken into 
account. To be compatible with universally standard practice, 
the STH value should be obtained under one sun (one sun is 
commonly used to report solar cell efficiency).

12.2Design of modular photocatalyst system
Particulate photocatalysts suspended in aqueous solution are 
commonly used for water splitting. However, using laboratory-
scale particle suspension systems limits the scalability of water 
splitting. Its large-scale deployment in industrial settings is a big 
problem. In particular, dispersing a large amount of particulate 

photocatalysts in a large amount of water and keeping it near 
homogenously suspended to avoid precipitation is a grand 
challenge. The added problem is the separation and collection 
of the photocatalyst powder from the suspension for further 
use, and tracking the movement of the sun in practical 
application. Therefore, design of a modular photocatalyst is 
urgently necessary for scaling up. One approach might be to 
deposit photocatalyst powders onto a specific substrate of 
specific size and dimension. As such, shallow horizontal pools or 
beds consisting of reactant solution and a panel-type 
photocatalyst would be a potential reactor for large-scale water 
splitting.

13. Conclusions and future perspective
In this contribution, we have reviewed the latest progress in 
metal-free photocatalysts for hydrogen production from water. 
For convenience, we have categorized the various metal-free 
photocatalysts into four types: elemental, binary compounds, 
ternary compounds and organic photocatalysts. 

It is evident from current research that among the metal-
free photocatalysts, carbon nitride is the most celebrated 
photocatalyst with AQE values greater than 60%. Carbon nitride 
therefore holds true promise as a next generation photocatalyst 
in terms of scalability, stability and selectivity. In contrast, 
development of elemental and organic photocatalysts is still in 
a nascent stage. Intensive research needs to be carried out to 
optimize their bulk and interfacial charge separation and 
transport, and electrochemical redox reactions for enhanced 
quantum efficiency with stable operation for long period of 
time. 

Tuning crystal morphologies and structural features at the 
nanometer level would endow beneficial physicochemical 
properties for enhanced photocatalytic performance of 
nanostructured photocatalysts. Because of readily accessible 
and interconnected porous networks and high specific surface 
areas, nanostructured photocatalysts facilitate efficient light 
harvesting and kinetics of charge transport, adsorption of 
reactants, and transport of guest species to the active sites. 
These synergetic effects lead to significant enhancement of the 
photocatalytic performance. Although a great deal of research 
has invested in studying different nanostructures of carbon 
nitride, more intense research need to be warranted for other 
genre of metal-free photocatalysts to pin-point the structure-
property relationship and their confluence on catalytic 
performance.

Of particular interest is organic photocatalysts for which 
little is known about the underlying photophysics and surface 
processes when immersed in an aqueous medium with or 
without sacrificial agents. Additionally, a well-founded and 
detailed understanding of the mechanism of exciton 
dissociation and its dependence on material parameters is still 
missing for polymeric photocatalysts. To promote exciton 
dissociation, incorporating a donor-acceptor (D-A) system may 
be employed.389 The liberated excess energy during the transfer 
of the excited donor electron to the acceptor aids in complete 
dissociation of the excitons.333 Exciton delocalization, as well as 
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interfacial dipoles may also be conducive to exciton 
dissociation.390, 391

The widely used selling point of porous conjugate polymers 
is their large surface area with permanent porosity (in some 
cases). Although, a reliable relationship between surface area 
and hydrogen evolution is yet to be established. Importantly, 
reported surface areas (in BET techniques) are measured in 
vacuum, while networks with low or even no apparent surface 
area can swell in solution. The question is how important is it to 
have a permanent surface area for high photocatalytic 
performance. It is time to ponder and ask the question- why a 
network whose surface area was measured in vacuum should 
give a reliable conclusion regarding the accessible sites in the 
liquid-swollen state. Answering this question seems a must 
when several linear, planarized, non-crosslinked and non-
porous conjugated polymers have been shown better or at least 
comparable photocatalytic performance with microporous 
polymer photocatalysts. 

Photocatalytic solar fuel production involves a complex 
series of photophysical and electrocatalytic processes. The 
processes involved in photocatalytic reactions can be divided 
into the following six components: photon absorption, exciton 
separation, carrier diffusion, carrier transport, catalytic 
efficiency, mass transfer of reactants and products. These six 
parameters have multiple impacts on the fundamental 
efficiencies. All of these parameters, despite happening at 
different time scales and spatial resolution, should therefore be 
optimized to achieve high values for the AQE.

There is no standard to judge and compare the different 
reported efficiencies of photocatalysts. The overall amount of 
hydrogen produced per unit time depends on the sample mass, 
reactor setup, light source and applied filters and many other 
parameters. Therefore, the same material can produce 
different values when tested in different labs. In the authors’ 
opinion, this problem becomes more exacerbated when the 
rate of hydrogen is reported in units per time and mass catalyst 
(mol h−1 g−1), because, hydrogen production and catalyst mass 
do not follow a linear relation. Reporting of the AQE values 
bears the same problem, and is often not measured with a 
reliable protocol.309

To produce hydrogen at scale, an Australian hydrogen taskforce 
has arisen following six questions that are believed to also be of a 
global concern:392 (i) what scale is needed to achieve scale 
efficiencies and overcome cost barriers? (ii) what approaches 
could most effectively leverage existing infrastructure, share 
risks and benefits and overcome scale-up development issues? 
(iii) what arrangements should be put in place to prepare for 
and help manage expected transitional issues as they occur, 
including with respect to transitioning and upskilling the 
workforce? How do we ensure the availability of a skilled and 
mobile construction workforce and other resources to support 
scale-up as needed? (iv) what lessons can be learned from the 
experience of scaling up supply chains in other industries? (v) 
when should the various activities needed to prepare for 
hydrogen industry scale-up be completed by? (vi) what 
measures and incentives are needed to achieve these timings?

Solar fuel production brings opportunities to avert 
dangerous climate change. To take stock of solar fuel initiatives, 
it is imperative to know— what works and why? Getting a lucid 
answer requires, first of all, putting our collective experience 
together for a comprehensive global assessment of energy-
innovation programs to establish the best practices.
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